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hoe WILTING COEFFICIENT “FOR™ DIFFERENT 
PLANTS AND ITS INDIRECT DETERMINATION. 


INTRODUCTION. 


The wide range in moisture content of different soils at the time of 
wilting of the plant cover appears to have been first clearly recognized 
by Sachs! in 1859. The differences which extreme types of soil 
exhibit in this respect are truly remarkable, ranging, as we shall show 
later, from 1 per cent in coarse dune sand to 30 per cent or more in 
the heaviest types of clay. Sachs’s experimental work in this field 
was confined to a single plant. Later investigators in extending this 
work concluded that not only do soils show a wide range in moisture 
‘retentiveness, but that different groups of plants differ widely in 
their ability to reduce the moisture content of a given soil. Thus, the 
experimental work of Gain (1895),? Heimrich (1894),? Hedgecock 
(1902), and Clements (1905) * all indicates considerable variation 
in the moisture content of the soil at the time of wilting of different 
plants, which has been interpreted to mean that some plants are 
capable of reducing the moisture content of a given soil to a lower 
point than others; in other words, that the nonavailable moisture 
varies according to the kind of plant used as an indicator. In fact, 
this view is the one usually presented in the standard works on plant 
physiology and plant ecology. 

The difference exhibited by plants in this respect has also been 
considered to be an important factor in drought resistance, the 
additional supply of water thus made available to some plants being 
supposed to be sufficient to carry them through a dry period when 
other plants would succumb to drought. With this point of view in 
mind the present writers have made an extensive series of determi- 
nations with a number of plants, including native plants from semi- 

1 Sachs, J. Bericht tber die physiologische Thitigkeit an der Versuchsstation in Tharandt. Land- 
wirthschaftlichen Versuchs-Stationen, 1859, vol. 1, p. 235. 

* Gain, E. Action del’Eau duSol sur la Végétation. Revue Générale de Botanique, vol. 7, 1895, p.73. 

3 Heinrich, R. Zweiter Bericht Uber die Verhdltnisse und Wirksamkeit der landwirtschaftlichen 
Versuchs-Stationen zu Rostock, 1894, p. 29. 

4 Hedgecock, G.G. The Relation of the Water Content of the Soil to Certain Plants, Principally Meso- 
phytes. Studies in the Vegetation of the State, pt. 2, 1902, pp. 5-79. In Botanical Survey of Nebraska, 


vol. 6. 
5 Clements, F. E. Research Methods in Ecology, Lincoln, Nebr., 1905, p. 30. 
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arid and arid regions, to determine the variation exhibited in their 
ability to reduce the moisture content of the soil before permanent 
wuting takes place. The results of these investigations have led us 
to conclude that the variation exhibited by different plants is much 
less than has heretofore been supposed and that it is insignificant 
compared with the range in moisture retentiveness exhibited by 
different soils. 

As the work developed it became evident that many precautions 
which had not heretofore been observed were necessary in determin- 
ing accurately the moisture content of the soil corresponding to the 
wilting point of plants. This led to the development of the wax-seal 
and balancing methods. 

In connection with the study of the moisture requirements of 
plants in semiarid regions it is necessary to be able to determine 
quickly the soiu-moisture content at the wilting point. This consti- 
tutes the datum from which the moisture available for growth can be 
calculated and without which field determinations of soil moisture 
are of little value. Owing to the difficulty of making direct determi- 
nations in the field of the moisture content corresponding to the 
wilting point, we have compared the wilting-point determination 
with the moisture retentiveness of the soil as measured by physical 
methods, which has resulted in the development of several indirect 
methods applicable to field conditions. These methods are described 
in the last part of this paper. 


WILTING COEFFICIENT. 


If the roots of a plant are well established in a mass of soil the plant 
gradually reduces the water content until permanent wilting occurs. 
The water remaining in the soil under this condition has been termed 
‘“nonavailable” by previous writers. We have found, however, that 
plants can reduce the soil-moisture content below the point corre- 
sponding to the permanent wilting of the leaves, so that at the 
wilting point a part of the soil moisture must still be available. In 
fact, as we shall show later, this loss of water from the soil to the air 
goes on through the plant tissues even after the death of the plant, 
and appears to be limited only by the establishment of a state of 
equilibrium between the soil and the air. The plant during the 
drying stage acts simply as a medium for the transference of water, 
and, while the rate of loss is reduced, the final result is the same as if 
the air and soil were in direct contact. 

The nonavailable water in a soil is then, strictly speaking, the soil- 
moisture content when in equilibrium with the moisture of the air. 
Such a condition of equilibrium can at best be only approximate, 
since the saturation deficit of the air is constantly changing with the 
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temperature. It is important then to recognize that the moisture 
in a soil is not nonavailable until it has been reduced to the moisture 
content of air-dry soil. Since growth practically ceases when the 
plants are in a permanently wilted state, any reduction of the soil 
moisture below this point constitutes an actual deficit which must be 
made up before the growth of any plant can be resumed. This 
deficit may be brought about either by direct evaporation from the 
soil to the air or by indirect evaporation through the plant when in a 
wilted or a dying condition. 

The permanent wilting of the plant does not then mark any limiting 
condition in the movement of water from the soil through the plant 
to the air. It is simply a point on the moisture curve corresponding 
to which the forces opposing the further removal of soil moisture 
exceed -the osmotic force exerted by the cell contents of the plant. 
Under such conditions transpiration will exceed absorption—that is, 
a part of the water transpired will be supplied from that stored in the 
leaf tissues—and loss of turgor will result. It consequently appears 
advisable to use a more specific term for the moisture content of the 
soil corresponding to the wilting pomt of a plant, and we have 
employed the term ‘wilting coefficient”’ in this sense in the present 
paper. 

The wilting coefficient of a soil is then defined as the moisture con- 
tent of the soil (expressed as a percentage of the dry weight) at the 
time when the leaves of the plant growing in that soil first undergo 
a permanent reduction in their moisture content as the result of a 
deficiency in the soil-moisture supply. By a permanent reduc- 
tion is meant a condition from which the leaves can not recover in 
an approximately saturated atmosphere without the addition of 
water to the soil. In the case of most plants wilting accompanies 
this reduction of the water content of the leaves and is the criterion 
used to determine the wilting coefficient of a soil for that plant. The 
definition as stated is applicable also to those plants which, owing to 
structural peculiarities, do not give visible evidence of a reduction of 
the moisture content of the leaves. The wilting coefficient for such 
plants is determined by means of the balancing method to be de- 
scribed later. 

Two independent variables enter into the determination of the 
wilting coefficient: (1) The moisture retentiveness of the soil used and 
(2) the kind of plant used as an indicator. Any determination is 
therefore to be considered as the wilting coefficient of the particular 
soil employed for the particular plant used as an indicator. 

The nonavailable moisture must, then, strictly be considered as the 
moisture content of the soil when in equilibrium with the air; while 
the available moisture is of course represented by the difference 
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between the actual and the nonavailable water at any time. The 
water content which is available for growth is represented by the 
difference between the actual moisture content and the wilting 
coefficient. 


WAX-SEAL METHOD FOR DETERMINING THE WILTING 
COEFFICIENT. 


The method which we have employed for determining the wilting 
coefficient consists essentially (1) in the use of an impervious pot, 
(2) in sealing over the soil surface in the pot with wax so as to 
prevent all evaporation from the soil, and (3) in keeping the soil 
mass at an approximately constant temperature. Under these 
conditions the percentage of water remaining in the soil at the time 
the plants wilt is termed the wilting coefficient. 


ESSENTIALS IN DETERMINING THE WILTING COEFFICIENT. 


In determining the wilting coefficient of a soil we have found that 
the following precautions should be observed: 

(1) The soil mass should be as uniform as possible, since the 
wilting coefficient varies with the texture of the soil and is con- 
sequently affected by stratification or other nonuniformity of the 
soil mass. 

(2) The soil should be brought to a uniform moisture content 
before being placed in the pots. Otherwise, small volumes of soil 
may remain dry and thus introduce an error in the final moisture 
determinations. 

(3) All loss of water from the soil should be prevented except that 
resulting from the transpiration of the plant. Otherwise, the surface 
soil may dry out below the wilting coefficient before the inner soil 
mass has reached this limit. 

(4) All sudden fluctuations in temperature should be avoided. 
Otherwise, condensation will occur on the inner walls of the pot 
as the result of distillation from the soil, due to the difference of 
temperature. This condensed water will be absorbed by the roots 
in contact with the inner walls of the pot and the moisture content of 
the principal soil mass may thus be reduced below the wilting 
coefficient. 

DESCRIPTION OF THE METHOD. 


In working out a practical method embodying the above require- 
ments, which have not been fully complied with in the methods 
heretofore described, we have adopted the following procedure: 

(1) The air-dried soil is sifted through a 2-millimeter screen to 
remove gravel and to imsure greater uniformity. The soil, after 
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sifting, is thoroughly mixed, special care being taken to avoid the 
separation of the fine and coarse particles. Variation in the amount 
of gravel and coarse sand in the different pots causes irregularities 
in the wilting-coefficient determinations, due to the fact that the 
coarse particles add to the weight of the soil without appreciably 
contributing to its water-holding properties. 

In certain soils, notably those deficient in lime, it is best to add 
a small amount of calcium carbonate to the soil before planting 
to insure the growth of the seeds. 

(2) The proper amount of water to be added to the air-dried 
soil is dependent upon the soil texture, varying from 5 per cent 
for sand to 30 per cent or more for clay. The quantity to be used 
is best determined by adding water slowly from a graduate to a 
small weighed portion of soil until a condition of good tilth is reached. 
A heavy soil can be moistened without puddling by placing it on a 
slab or table in a cone-shaped pile with a large crater in the top 
into which the required amount of water is slowly poured. The 
crater is then filled with dry soil from the sides, and the whole mass 
is covered to prevent evaporation and allowed to stand until the 
water permeates the mass. The soil is then thoroughly mixed. 
During the process of mixing it is sifted through a screen of 4-inch 
mesh so as to remove any pellets of soil having more than their 
proportionate amount of water. After mixing, the moist soil should 
be kept in a tight receptacle until ready for use. 

Impervious pots must be used, of course, in order to prevent 
the soil in contact with the pots from drying out below the wilting 
coefficient. We have found that ordinary straight-walled drinking 
glasses are very satisfactory for this work when seedling plants 
are used. During the process of filling, the soil is slightly compacted 
by jarring the bottom of the glass against the hand. Three to five 
seeds are planted in each pot, about 1 centimeter in depth, after 
which the surface soil is smoothed and compacted slightly. The 
soil surface after planting should be about 1 centimeter below the 
edge of the glass. It is often advantageous to plant seeds which 
have just begun to germinate. This method insures a perfect stand 
and avoids excessive respiration beneath the wax seal. 

(3) In sealing the pots the wax is heated slightly above the melting 
point and a sufficient amount is poured into the pot to cover the soil 
surface to a depth of about 3 millimeters. The pot is rocked slightly 
so as to bring the wax into thorough contact with the inner walls of 
the pot, after which the excess wax is poured off. If the wax is at 
the proper temperature this will give a perfect and uniform seal over 
the entire surface. If the seal is not perfect the process is repeated. 
The wax layer should be approximately 1 millimeter in thickness and 
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should be in close contact with the soil. If the wax does not adhere to 
the soil surface the pots should be resealed, since the plants may buckle 
under the wax cover if it is not adherent. 

In the case of monocotyledons we have found that the wax seal 
can best be added immediately after planting the seeds. On germi- 
nation these plants will grow readily through the wax, which forms 
a periect seal around the stems. (PI.I.) In the case of dicotyledons 
it is advisable to keep the pots in a moist chamber to reduce evapora- 
tion until the seedlings appear above the ground, when the wax seal 
can be applied without injury to the plants. 

Even in the case of dicotyledons this wax seal is often applied at 
the time of planting. This prevents the soil from drying out between 
the time of planting and complete germination. Plants which do not 
raise the cotyledons above the soil surface and those with very small 
seeds often push through the wax without breaking the seal. Other 
dicotyledons push their way through the wax cover without any 
difficulty, although it is often necessary to reseal these pots after the 
seedlings are all up, especially in the case of plants with large coty- 
ledons, such as the bean, squash, cucumber, etc. 

Aeration, when necessary, can readily be accomplished by making 
two small holes through the wax to the bottom of the pot on opposite 
sides. A glass tube drawn to a small opening and connected with 
a wash bottle is forced into one hole to supply moist air, and a similar 
glass tube is forced into the opposite opening and attached to an 
aspirator to withdraw the air from the pot. The wax forms a perfect 
seal around the glass tubes. In this way many pots can be aerated 
and the holes resealed with a hot wire in a comparatively short time. 

The wax-seal method is also particularly adapted to the study of 
transpiration, since by its use all loss of water is avoided except that 
taking place through the plant tissues. This fact has been determined 
by repeated measurements. 

(4) Serious fluctuations in temperature can be avoided by immers- 
ing the pots to within 5 millimeters of the top in a tank of water in 
which a circulation is constantly maintained. An apparatus for this 
purpose which has been found very convenient is shown in figure 1. 
It consists of a copper tank 36 inches wide, 72 inches long, and 4 inches 
deep, which is divided by means of a series of longitudinal partitions 
into 10 compartments. These partitions are open at alternate ends, 
so that a stream of water introduced at one side of the tank flows 
back and forth the full length of the tank 10 times before finally reach- 
ing the exit on the opposite side. The water is thus kept constantly 
in motion around the pots. 

The circulation of water is effected by means of a small centrifugal 
pump, as shown in the illustration. This pump takes water from the 
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FIG. 1.—BALANCED SYSTEM CONTAINING OPUNTIA AND SQUASH. FIGS. 2 AND 3.—POTS 
SEALED WITH WAX, SHOWING KUBANKA WHEAT SEEDLINGS PUSHING THROUGH THE 
Wax SEAL. THE WAX IS APPLIED IMMEDIATELY AFTER PLANTING THE SEEDS. 
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bottom of the wooden supply tank, so that a complete circulation of 
water is maintained throughout the whole system. The water level 
is automatically regulated, since the amount of water delivered by 
the centrifugal pump is lessened as the head against which the pump 
operates is increased. The opening from the immersion tank is so 
situated as to be partly above the level of the water, and ali dust and 
impurities collecting on the water surface are thus swept into the 
supply tank, leaving the water in the immersion tank perfectly clear. 
The apparatus as figured is capable of holding 250 glass pots, and has 
given excellent service in the experiments in which it has been 
employed. 

As soon as the plants in a pot have been reduced to a wilted condi- 
tion from which they can not recover when placed in a damp chamber, 


Fig. 1.—Apparatus for preventing sudden changes in temperature during the determinations of the wilt- 
ing coefficient. The propeller in the central tube causes a constant circulation of the water around the 
pots. 

the water content of the soil is determined. The soil mass can usually 

be removed intact by breaking the wax seal around the walls of the 

pot and gently jarring the edgo of the inverted pot against the bench. 

The lower two-thirds of the soil mass is taken for the moisture deter- 

mination, since the roots do not usually develop so extensively in the 

upper portion. The moisture determination is based upon the loss 
of water taking place when the soil is dried to constant weight at 
100° C., the percentage of moisture being based upon the dry weight 
of the soil. 

COMPOSITION OF THE WAX SEAL. 


For sealing the pots, paraffin, petrolatum, beeswax, and tallow 
were tried in various proportions. A wax composed of 80 per cent 
paraffin (melting point 45° C.) and 20 per cent petrolatum was found 

230 


14 WILTING COEFFICIENT FOR DIFFERENT PLANTS. 


to be most satisfactory for use at ordinary temperatures, the exact 
proportions being unimportant. This mixture melts at so low a tem~ 
perature and has such a low heat conductivity that it can be poured 
into a pot around the most delicate seedlings without injury. This 
feature is important in experimenting with delicate dicotyledons. On 
cooling, this wax adheres well to the glass and to the soil, forming a 
perfect seal. Other mixtures, notably those containing beeswax, 
show a decided tendency to separate from the glass on cooling, neces- 
sitating the resealing of the edges with a hot iron. 

None of the substances mentioned give good results when used 
alone. Soft paraffin (45°) stretches, petrolatum creeps, and beeswax, 
tallow, and the higher paraffins crack. Except when soft paraffin is 
used, the plants show no difficulty in penetrating the wax cover, even 
when a wax as hard as that with which the ordinary commercial 
phonograph records are made is employed as a seal. 

During the winter in the greenhouse the paraffin-petrolatum mix- 
ture gives excellent results even when left in direct sunlight. During 
the warm portion of the year, however, direct sunlight is likely to 
melt this wax and in this way break the seal and cause damage to the 
plants, due to the wax creeping over the plant surface. This creeping 
does not occur if the pots are kept in the temperature-control tank. 
A mixture of 10 to 30 per cent of beef tallow with beeswax or of 8 to 
12 per cent of petrolatum with beeswax has been found to be an 
excellent material for use in warm weather both in the greenhouse 
and for out-of-door work. 

Modeling clay has also been used to seal the pots, but it is not so 
easily applied as the wax and is not suitable for use with delicate 
seedlings. 

EXPERIMENTAL ERROR. 


In determining the wilting coefficient of a given soil for a particular 
plant some variation will be found in the results obtained from the 
individual pots. This variation appears to be due in part to the lack 
of uniformity of the soil in the different pots, but mainly to the fact 
that in some pots the roots are distributed through the soil mass much 
more uniformly than in others. When the root distribution is defec- 
tive, the mean distance through which the soil moisture must move 
through capillary action is greater. Since capillary movement be- 
comes very slow as the moisture content approaches the wilting 
coefficient, these portions of the soil not penetrated by roots will have 
asomewhat higher moisture content. The wilting coefficient deter- 
mination in the case of an imperfect root distribution will conse- 
quently be somewhat too high. On the other hand, errors arising 
from the distillation of water on the walls of the pot will result in 
giving a wilting coefficient below the true value. 

Some uncertainty also arises in connection with the determination 
of the wilting point. Plants often wilt during the day and recover 
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during the night. The wilting of a plant in the hot part of the day is, 
therefore, not conclusive evidence that moisture is not available. A 
wilted condition in the early morning is considered the best proof that 
the moisture content has been reduced to the true wilting point. 
Check determinations were repeatedly made by placing the pots con- 
taining wilted plants under a bell jar in nearly saturated air. These 
plants were unable to recover their turgidity. Since the wilting point 
is influenced to some extent by sudden changes in the temperature 
and humidity of the air of the plant house, these conditions should 
be determined and kept as uniform as possible during the growth of 
the plants. 

The degree of accuracy which may reasonably be expected with the 
wax-seal method when suitable precautions are taken is shown by the 
series of determinations presented in Table I, which gives the wilting 
coefficient for Kubanka wheat in each of several pots for three types 
of soil. The plants were grown in an ordinary plant house, where the 
average temperature was about 70° F. and the relative humidity 
about 85 per cent. 


TaBLE I.—Jndividual pot measurements of the wilting coefficient of three types of soil for 
Kubanka wheat. 


Wilting coefficient of— Wilting coefficient of — 
Plant. . Plant. c 
Fine | gang, | Clay Hine). oe |e Clay 
sand. loner loam. sand 1 Ea loam. 
Kubanka wheat..... QEOE ee he ye 16.9 |} Kubanka wheat.... 2.6 9.8 16.3 

IDO we Sens Pepa lel hae ee ae 16.8 DOSS eee 25 9.3 16.3 
| Doe ee Bees DOS (cl Sea cee es 16.4 DOR Ste See 20 9.7 16.7 
DOr sas eee 2.8 9.7 16.2 1D fojeieee seat Qa 9.4 16.3 
DOS eer 2.6 9.3 15 
IDO Re as ees Ho: 7 9.9 ES 76 Mean..... eee 2. 59 9. 66 16.3 
Dol Se Aree 10.1 17.3 Probable er- 
TP) One oo eee ue 2.6 9.7 16.7 ror of mean. + -03 + .05 + .09 
DOs ees 205 9.4 15.6 Probable er- 
DOSS: eee 2.6 9.6 16.0 ror of sin- 
DON eee eee 2.4 9.3 16.0 gle observa- 
DOR a aoe PS Eh 9.4 16.2 tlONeetee eee + .1l1 + .18 + .34 


Table I shows the individual determinations in each series, 
together with the arithmetical mean, the probable error of the 
mean, and the probable error of a single observation. The term 
‘‘nrobable error” is used in its usual mathematical sense, that is to 
say, in the case of the series of determinations in sand the chances 
are even that if the series were repeated the mean would lie between 
the values 2.56 and 2.62; and if the experiment were repeated with 
a single pot, the chances are even that the wilting coefficient for 
this pot would fall between 2.48 and 2.70. The probable error of the 
mean is about one two-hundredths, and that of a single observation 
one-fiftieth of the actual wilting coefficient of the loam and clay 
soils, while the corresponding probable errors in the case of sand are 
about twice as great. It appears, therefore, that while there is 
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considerable variation in individual pots, the mean of a suitable 
series represents the wilting coefficient of a given soil with an 
accuracy equal to the accuracy with which the moisture retentivity 
of the soil can be measured by purely physical methods. 


COMPARISON OF THE SOIL-MOISTURE CONTENT AT THE WILTING POINT 
AND THE DEATH POINT. 


Emphasis has already been placed upon the fact that the wilting 
point does not mark the minimum limit of moisture that is available 


to the plant. The experimental data upon which this conclusion — 


was based are given in Tables IT and III. Determinations were 
made of the soil-moisture content at the wilting point and at the 
death point for each individual culture. In every instance a marked 
reduction of the water content was noted after the plants wilted. 

The data given in Table [I were obtained with Kubanka wheat 
seedlings grown in sealed pots. The pots were kept in a temperature- 
control tank until the plants wilted. The weight of each pot was 
then taken. Some of the pots were then transferred to a dark 
constant-temperature room, while the remainder were left in the 
control tank. After the plants had died, the pots were again 
weighed and moisture determinations made upon the whole sample. 
The difference in weight corrected for the loss in weight of the plants 
gave the necessary data for calculating the wilting coefficient. 


TaBLe*Il.—Comparison of the wilting coefficient and the water-content at death point 
for Kubanka wheat seedlings in soil No. 26. 


Plants allowed to die || 2 
in temperature-con- | SH ae ae 
house. ore stant temperature. 

Observation. ae | Observation. 
Moisture || Moisture 
Wilting | content at || Wilting | content at 
coeiicient. death coefficient. death 
point. | point. 
| | 
1 ES Sad ee cee ae ee oe 7.9 | (Pesan | (2 Ree ee Se 8.5 8.3 
PA Re ee Cre j 8.3 7.4 A ne Se os UE 8.1 7.7 
eRe oe Se ee ees oe oe 8.0 7.4 he Met te CLE ee ee see eee 8.4 8.0 
cL 25 ee ea 8.3 TE es eS ee hee 8.1 6.9 
a be eens SS a ai TB 5 Sie: te eee 7.9 7.3 
ORer  aeaoS eae Samal daa 652 ee ee eee 8.0 7.7 
(3 Ee ee ene 8.3 A teen | lay (ee ee ee oe a 8.2 io 
ene oe Se eae ee 7.8 125 bles sete Cen re ee eee 8.5 8.2 
Sy eee ne or ae ea ere 8.3 125) POE see ee cose cee cesta 7.9 if | 
(hos Se ee en eee 8.0 7.6 
i ee ee ee Sau lad } 
"El ka ea 8.7 7.7 || 
ee eee Sa ee ee 8.6 7.6 | 
{Ye ee eee 8.6 6.7 
1 ee ae ee 8.2 qe 
IGE Nees Paced. ce 8.5 7.8 
1 a a es Js Pee eas 7.8 25 
PRS 5 EME Pa ea Mes ek 8.0 7.3 
IG So Sse ete <2 7.5 7.3 
Mean Shee 8.2 7.5 Meats 2 san 8.2 7.7 
Probable errer of Probable error of 
CIMetths - 4-5 55-325-2- + .05 + .04 || TN CAR 22 5 2st + .05 + .10 
Probable error of Probable error of | 
single observation. + .21 | + .18 ] 
} i 


single observation. | + .16) + .30 
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The means of the determinations given in Table II show that in 
the interval between wilting and death the plants reduced the soil 
moisture 0.7 per cent, or to 92 per cent of the moisture content at 
the wilting point. The loss from the dying plants in the constant- 
temperature room was somewhat less, due to a smaller saturation 
deficit. 

Another similar series of determinations was made for Kubanka 
wheat and for water cress, except that the observations were ex- 
tended to include the period following the death of the plants. The 
results are given in Table IIT. 


TasLe II1.—The water content of the sowl in sealed pots at the wilting point, at the death 
pornt, and at a later period for Kubanka wheat and for water cress. 


rane Time Time ‘ 
: Q Wilting | ; Death |: Final 
Designation of pot. F interval : interval 
point. in days. point. in days. per cent 
Kubanka wheat: 
ABR ICN eee nis ose ce TG eye Une raters Suave CeAee ea 7.0 28 5.2 126 Shi 
CF a es se ae eR ea 7.9 25 5.9 126 2.6 
Ge BR SO Ce aes er Ope Ringers A ore eres ea a ea a0 25 5.5 126 3.5 
SU Sey hk eam te aya em ets Cera Nai hart Bulag 6.6 19 6.4 126 4.9 
Ty Ae a ane ROS rus Seen Rat OR mee (ial 27 5.9 134 4.8 
TG) SoU SS St 2s rs pete Cac oy 2-70 Ce ea 7.8 27 6.9 134 5.9 
TN Ae a es Se Sars ah oy ely IE a re eR ea 6.9 19 5.9 126 4.3 
TON Sate Gee IG SOOO ES ET Ci RON AEE oem ee BRN 7.3 27 6.6 134 5.7 
IB Ras Ss eves gel ese crepes eich oe As ee ee ee eS 8.0 27 6.9 37 6.1 
Te ESO BSS eC Oa ROU ROC HEC E Caco eS Saar eB Eee mee Wad 27 6.2 134 4.9 
NVA areas pa aera c pareve ney etna Siake ie reial camels (iain sasceamtce G52) aS ees ae 4.6 
iInTODablelerrorofmean=e eae s-e! sss 5-2 nos - ae yl Onl fees eee SEES ID | ictete ect to | BRR pln ore pee 
Probable error of single observation...........- SS o on eae Gea aes BENS See eae 
Water cress: 

EA eye perare pei ROR aa Rime Cc cans LM Hes tard ea 7.6 7 6.0 51 4.6 
DA setae Oe ers SESSA ERTS RENE Paap See 7.8 a 6.5 129 2.4 
3 5 ERS SLCIS SEN bs SPOTS SES NS SIONS IED Rye ls ae aR dst 7 6.3 129 4.3 
Dee eee ra eR a eRe Ee ius Ace i ase te 6.5 10 5.5 119 4.2 
IMG aes se Ae eS eo tet ode ke soe ee ace e ees (ae Fel (esate eae Ost | Ae eae 3.9 


The plants were grown in sealed pots containing about 250 grams 
of soil. Column 2 of the table gives the water content of the soil 
corresponding to the wilting of the plants. Column 3 gives the num- 
ber of days intervening between the wilting and the death of the 
plants, at which time the moisture content of the soil had been 
materially reduced, as shown in column 4. A still greater loss of 
water occurred during the subsequent period, at the end of which 
the moisture content of the soil had been reduced to the point indi- 
cated in column 6. The mean moisture content of the soil at the 
death point of Kubanka wheat had been reduced to 85 per cent of the 
water content at the wilting point, while the mean soil-moisture con- 
tent at the end of the experiment was only 63 per cent of that at the 
wilting point. An even greater reduction occurred in the pots con- 
taining the water cress. 

It is evident, then, from the data already presented that water is 
being steadily removed from the soil by dying or dead plants and 
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that a limit is reached only when the soil moisture comes into approxi- 
mate equilibrium with the moisture content of the air. The soil- 
moisture content at the wilting point can not then be considered as 
nonavailable to the plant, and for this reason has been designated in 
the present paper as the wilting coefficient. 

In a recent paper! the writers referred to a proposed investigation 
of the relative advantages of the wilting point and the death point of 
plants as criteria in comparing plants in their relation to soil mois- 
ture. The data given in Tables II and III provide a basis for com- 
paring these criteria. A comparison of the probable errors for single 
determinations is the most satisfactory way to judge of the relative 
accuracy. These errors are given in Table IV, expressed as a per- 
centage of the numbers which they affect. That part of Table III 
referring to water cress does not contain sufficient observations to 
give a probable error of any significance. 


TaBLE IV.—Kelative magnitude of the probable errors of a single observation using the 
wilting point and the death point as criteria. 


Number For For 
Designation of data. of obser- | wilting death 
vations. | point. point. 


Per cent. | Per cent. 
2.5 


Wheat; controlitanik; Pable TL. ce nse ac ae se tee eae eee eee eeeee 2.4 
Wiheattdark room Tables aie oe ee eee eee eee ee 9 , 3.9 
Wheat; Table Tiller eee sess SR ek eret Ree ee AA hia atta 10 4.5 6.3 

Meare iiss acide Steen ens sacra ents Diove maleic rele ee ere mata Suet al natal cra apa eengae lass eee ene 3.0 4,2 


It will be seen from Table IV that the average error in determining 
the wilting coefficient is considerably less than that accompanying 
the determination of the moisture content corresponding to the 
death point. Death-point determinations showing a very satisfac- 
tory agreement can, however, be obtained with seedlings by the use 
of the temperature-control tank, as shown by the results given in 
the first part of Table II. But other and more important considera- 
tions combine to make the wilting point decidedly superior to the 
death point as a physiological criterion of soil-moisture conditions. 
The wilting coefficient is practically independent of the kind of plant 
used as an indicator, as will be shown later, while the death point 
varies with the plant used, some plants dying much more quickly 
after wilting than others. The time required for a determination 
is also shortened by using the wilting point. But the great advan- 
tage of using the wilting point is that it practically marks the cessa- 
tion of growth and so constitutes a datum from which the water 
content available for growth in a particular soil may be determined 


1 Briggs, L. J., and Shantz, H. L. A Wax Seal Method for Determining the Lower Limit of Available 
Soil Moisture. Botanical Gazette, vol. 51, 1911, pp. 210-219. 
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when the total water content is known. This could not be deter- 
mined directly by means of death-point observations, but would 
require a correction term more or less dependent upon the plant 
used. 


EFFECT OF THE AGE OF THE PLANT ON THE WILTING COEFFICIENT. 


In making wilting-coefficient determinations it is much more con- 
venient to use seedlings than old plants. The question then arises 
as to whether determinations made with seedlings as indicators 
represent the moisture content of the soil corresponding to the wilting 
point of more mature plants. The determinations given in Tables V 
and VI were made with reference to this point. 

A series of experiments with Kubanka wheat plants, six soils in 
each series, using plants of three different ages, is given in Table V. 
The actual wilting-coefficient determinations for each soil are given, 
together with the ratio of each individual determination to the mean 
of each soil. The ratios indicate a slightly higher wilting coeffi- 
cient for the younger plants, the means being 1.01 for plants 20 to 
30 days old, 0.99 for plants 75 to 80 days old, and 0.98 for plants 
104 days old. This is what would take place if the concentration of 
the leaf-cell contents increased with the age of the plants. The same 
effect would, however, be brought about by the more uniform root 
penetration in the case of the older plants, or by an increase in woody 
tissue in the leaves which would tend to retard the appearance of 
wilting. Furthermore, when the differences are considered in con- 
nection with their mean probable errors it becomes evident that the 
influence of the age of the plants upon the wilting point is very 
slight. : 
TABLE V.—E fect of the age of wheat plants on the wilting coefficient. 


Wilting coefficients of plants at stated ages. 


20 to 30 days. 75 to 80 days. 104 days. 
Soil number. 
Ratio, Ratio, Ratio, 
Actual. | actual to} Actual. | actual to| Actual. | actual to 
average. average. average. 
| 0. 86 1.00 0. 80 0. 93 0.78 0.91 
; . 86 1.00 87 1.01 .88 1.02 
20. 2S IIE Farin: SPS eee = Bile igloo eee 1.00 ALG a er eee ee ese oe Or 2 fla ie th vee 
| - 80 Bt eee oo Se aS es [Ae een | | eae ees 
| 255 .97 2a: 1. 04 Dae 1. 04 
2.7 AOS Gee | ee ed ed eee 
2.8 A SOS GR eee a ee Se 1 SSE ee |e ee 
2.6 TSR DH aR = = stage (aOR eae ae eapereneer stone i BOO yt 
Qui TESS SU eee ees | spain | nn 
2a TCU ei ee 2 a hers eee eae Ue tee) Pete NE 2 
DP RN RO ee eee 2.6 QO R eee fos. ee | Sous ee. EE Sea 
2.6 llth!) | esc pe aa ee aod eee ae Sk 
PAS Oe ee la eee Sc | ee ee 
2.6 BROOD) See [eke ee |S oe3 neha mae tees 
2.4 BOSE tee er elec heen) ees Baeseeees 2 eae 
2.7 rey 74s [eee anes eae [eae ae 
2.6 ARO T es eee eee ae ee ee Oe rae (Es eee 
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TaBLE V.—Ziffect of the age of wheat plants on the wilting coefficient —Continued. 


| Wilting coefficients of plants at stated ages. 
20 to 30 days. | 75 to 80 days. 104 days. 
Soil number. 
Ratio, Ratio, Ratio, 

Actual. |actual to | Actual. | actualto| Actual. | actual to 

average. average. average. 

5.1 1.07 4.6 0. 97 4.3 0. 90 

4.9 POS a eee eto ee eee ae 4.6 97 

Ss Re SpE Pe GN POS, AOU EAL yee oh ek Ueto 4.9 HIRO oo erence need eS nae eal Pee area Ge Uri ep ha kk 8 
ANT A OO iene ss MUP een /ahia a ales rs BESS ape Pe a 

5.0 POSS ee Be SR Ey ESA oa ane, a ere eo 
4.7 B HAN OF Sar | reissues eS etl BSE era ty PRA eral |e we 

Oa 1.01 9.3 1.01 9.3 .97 

9.7 1.01 9.4 -98 9.3 .97 

9.9 1.03 9.4 -98 9.4 .98 

Ze UREA NS Sy Fs a AMD ey hE Bacal race Ne 10.1 ES CoStar fea es ceat seer | Dee Re mn Basic eee At a he i 
9.7 ESATO) Fane Hee ap a He De te be kin Saw cle 

9.8 ODE RSS ee CE Ao Rae Soy 7 A ies oe ee ea | ee a 
9.6 ORL OT0 rier Nesp retin [patie ea chee A aL EO estos Geta 

14.1 1.01 13.7 .99 13. 7 99 

14.7 1. 06 14.0 1.00 13. 4 96 

14.3 POS ulmse ene oe late Piet ee 14.0 1.00 

ESE ts TES IS EB a pn Atal rl, soe 14.7 i FLO 6 Seed Pea om i A eG Ie S| Va ee ok ba ke Co A 
13.4 OBS |e TACIT cy ee Je | erage a | Pe eam 

14.6 Se BE Ce SS aL ne 0 || aaa a 
Seal A TaN Se US Reg Ose Cas 2 | RR | 
1335) QT Meee Ne. Sern AE Rn ere eT ha a a | 

16.3 1. 00 16.2 . 99 16.2 99 

16.9 1.04 16.3 1.00 16.3 1.00 

16.8 1.03 16.7 1.02 16.7 1.02 
16. 4 TD QD HE aN Se SONY Ya kg RR ear re Pe 
CS ae SHR SS a ag A LAI 155 Qa ash. RON CRORE es ee bee AI kee ei aa a 
15.7 SAG 2 Sia Ta 0G ea 2 FEE Ac Oe 
WAS DOG if eS Sie SN Se Se SI I aed |S ea a 
15.6 Fea | Sm] [iat bea ne aN WAS A NE et ve alia oe ie 
16.0 LOB] eee be a Aas | ese Ue lean Risa Pe 
16.0 Pe Sn) ee males gu | HA eg oa | as NE el usc Ses 

IMG AT RU aal phe ey nA eter steera Gane ticle ee a aH un ECO) Pees | ee soto ea OOM eae ees 98 
Probableerrorohmeann o.oo ae eee fe te AIM yee erate sey SOO i. eee ees + .007 
Probable error of a single determi- 

TU EIO RN Sees ele apes he cpap iciare eyes yA Recital pl SHAK OP 1e) a eal nah ere ONE) anaes + .026 


Similar determinations were made with seedlings and old grass 
plants, but the same species were not available for use in both 
experiments. These determinations are given in Table VI. The 
soil used throughout these determinations was the same, so that the 
observed wilting coefficients can be directly compared. In this case 
the seedlings gave a slightly lower mean wilting coefficient than the 
older plants. This is probably due to the slightly better root distri- 
bution on the part of the seedlings, which were planted rather 
thickly. The difference, however, is only 0.2 +0.1 per cent,’ so 
that the determinations are in practical agreement. 


1 The probable error of the difference of two numbers, each of which is affected with a probable error, 
is equal to the square root of the sum of the squares of the two probable errors. - 
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WAX-SEAL METHOD FOR DETERMINING WILTING COEFFICIENT. 2 iL 
TaBLeE VI.—Comparison of the wilting coefficient for seedling and old grass plants. 
= Old ; Seed- 
Species. plants. Species. lings. 
orOopyEOUtCHeRUIMe 2) essen oe 8.7 BLOMUS HNEnMIS=s ses ee ee ee 9.4 
sie 1 Ce Rpg GSE et eaicpe AS Fe tel eh ene ame 9.6 DOE aie REIN TE cae ee Teer eI gee ae 8.8 
TD YO eats ei en em ee ee US Ee a cee 9.6 | LD Yay Nee stheea Series War eptiece, Se Men aN ips ea EO 9.6 
TMs cee ER Cae neni 10.4 | Das ae Po iain © oN an on UE 10.2 
TOYO oo ee i Te Re ces Sa a7 | DO eee ea ee a yee | 9.5 
AB) ee aa ood ete Pe taney lee ee, LS 10.9 AD) Qo Rie See ear ia re POR NS so eee es AAR 9.5 
TOYO) Bedi SR RNC cog GG oe ae Ge ne 10.3 TD ote Se eres Ba onan teel Wei gee dee | 9.7 
TUS) ee epee Ree Ne purge a SR Noe 10.5 BD ayes eet ES Ge sie eS cal a Seen Sewn che 8.9 
IDO Sige MEG emiC ng ses Ree aaa ARIA 8.8 DCTP ae ies eee nny Me Tee OE RPe Mend 9.5 
ITS) Qatar OE ol Eas a1 8.4 DOE Re ie era nee re as a PA oe Ce 9.3 
ID Yo sci Mie daa See eens Siac ae ena EE 9.3 AD) Osos arene re ng tee elon ae 8.6 
BL) Qe a ee een ie inion eee Beeler Tea 9.0 DO Ree oo eh ere Me Nan ard 9.0 
TO Yo pie es 5 Bea re RY pea al eae 9.3 DY) re ees 7 aa a ae Ee 9.5 
I DY O68 ye eee Aa at aegis We Oia Ares om es 9.7 IS) ieee Reese) fern ahs Sed tee ee ee ete 9.5 
DDG eee ys eee es ae ores | 9.0 DG ee et eees eat int ee EE AS 9.1 
1 BY ef ace cae Se ge 9.9 Ta ce ei a ee 8.9 
IA CHISUAUIITME ey Ree ee ee tee onan eee ce 9.2 (DOR ete eee oe sae ee 9.5 
1) Oe ee es Ree ee ny be sey as | 9.6 DY 0 \iceaesre tie sres wn 0 aes Et a a ae 9.1 
BD re Ny ees EN Se tig ee eee 9.2 d DY 0) Sis eae er ete ec PA a ele ene ae 8.9 
1B) OS eee eee ns Sane 2 toe 8.9 BY Xo yu tee a Me a ee BAe Nr MISO 10.1 
LD Y Gye sie eB ae a a gee ee i at | 8.7 CD) Oe aes rps regen earns alls ie goas 9.5 
EASES UM GB eg caper sate oe yee ale eee a 10.1 iD) Ore ret prea aets oek i aoe 10.3 
FUE) per Bee Bese as Ws oe Se Se | 9.6 |I- ND Ya Rae ve eae aa iS Chat es BR I 9.3 
AL) Qe ae oe epee aR nee a NONZ ND) Osta ine hyn os cht aed Seep me 9.0 
NLD) Qe ee erg ee te eae ates 2 es 9.8 dD Yo zig See So ee ee ee ca see AE eS Bee 9.3 
Dower eae Mere es eed | 9.5 DOE oe Rs ese ae he eee ee 9.0 
DO Ner ee ns Sanne Sone Sree nee | 9.4 ID O28 sweeties hee ee eee een ee aS 9.3 
BL) QB a, Fa eee Ses, Ces Se eh Ae | 10.6 iD) OER mbt ars arn ae edie at eee 9.6 
AD) OE eS ee RO NS fee ae eae | 10. 7 CE) OS et EO Soe ag es 9.4 
CPD) epee ee ete: peer Ce eae ere A 9.7 5 DY Gyn mae eae a oe Ui Ne Net Mes neuese eye el ere ic 9.5 
TOYO Rese eight ee a iss ee ee 9.7 || 1 DYotee ee pee ae Oe as, eee ee Dee, 9.9 
DO ers oe ieee pies ge see ee 11.4 DY yay atin aire Sat A es ak ps ea ee 10.1 
| DO ee ice ie pt ON etnies re 9.8 
MH lyanusicanad ensish asses os see 9.6 
| DD Obes wie ites eae cee. ie iea ies 0 aa 9.7 
| iD) Oe aR ee cee ee ae Rae eee 9.6 
[RS GED VASE yet e ie eat mens ae es eae les 9.3 
DY yee nga ea RS oes een en SD 9.6 
| DO SR ERS Fee Cee Bie ee one 9.7 
PoLbanionm hy SGEixes se sss See pre e 9.2 
DO) s Cae Sea en eee an wan awe 9.6 
| d DB Ye yeaah ete sane nr eM Oye te Sayegh Ra ae 2 Un, 9.3 
| atistidavloneisetass ten 22ers seer: 9.5 
| ID) Ooi ooo SE es re rea Rules tah ees 9.7 
I RES A eies Sa ee Pe Ss SS ere Oni || AN Ste yege (ae oN Se Fiat ae Be eR | 9.5 
Probable error of mean........_.... + .09 Probable error of mean...........- + .04 
Probable error of single determina- Probable error of single determina- 


Difference of means, 0.2+0.1. 


Table VII gives a summary covering all the wilting-coefficient 
determinations made upon seedlings and old plants. The data upon 
which this summary is based are given in detail in later tables, and 
only the ratios showing the relative differences in the wilting coefficient 
are here given for each crop. Reference to the weighted means * will 
show that the mean ratio of the wilting coefficient for old plants is 
0.03 higher than the mean ratio obtained for seedlings. 

We may conclude then that the wilting coefficient is the same, 
within the limits of experimental error, for a plant in all stages of 
development. In other words, the soil-moisture content at the 
wilting point is not dependent to any material degree upon the age 
of the plant. 


1In determining the final mean value, each ratio was included once for each determination used in 
establishing that ratio. 
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TaBLE VII.—Summary of wilting coefficient for seedlings and old plants. 


Seedlings. | Old plants. 
Crop. Number of} Mean |Numberof| Mean 
observa- wilting | observa- wilting 

tions. coefficient. _ tions. coefficient. 
COM. oS ee a eo es 75 1R0S Sikes Ss eee | ba he eget 
Sorghum. 0757 Ses ie Set ne ee eee 66 Ei: gual POL Ba eee A ice SS Bee eareaye 
U1 | Coy Raper oa aia Penner enies eeu nl elk i a Seo ER ae ped Ue. | 48 7 Gia ee Pee ee [ese cee 
WY esa Se ee Re ot pp ee ee eae Pe 626 . 994 27 | 0. 98 
Oats. Si SR AS een A eh a ac 46 O01 Eb aia feeere ea 
Barley. 2.225 epee ee eth, em ae 60 SOT | Sieh Soe eee os ae 
EVO Se ee Se OF een a een ee 19 £08) N52 ee ee eee 
ERTOG es an ae eae RN eee Ne Ce } 21 504 7 cet. a Eeeeeeee eee 
Grisses3 ee ee Sree Hare Sepos Se rh en te ee } a4 . 96 33 | 1.00 
Rertnnics oo) 22 Golan > koh oP eee 119 1.01 19 | 1.02 
Gienrpitss = 2552. ee Sie i ee a ee 17 2005 Sh So etenaas bolt sce ea 
ROMA Se IS os te es SO Se Se ee ee 20 1 06-3)2 32 552 eee 
Colocasia eas OTN a ANE DES Nee Beeeetecee seieel Pe ort Ce 19 | 1.13 
ERVdrophiy ted. oo Se a ee ee ee eae ee ae be scuaee eee 8 | 1.10 
Mesophytes.........- Span a eters oP RN Ge Bn | OE | 21 1.03 | 14 1.02 
EX CRUD VUES = cose tae bh othe rea ee ee [ortecctecce fos Bere. 16 | 1.06 

1. 03 


Weighted: mean! 0525! S75 be. ean ees Ae eens | 1.00 | 


EFFECT OF ENVIRONMENTAL CONDITIONS ON THE WILTING 
COEFFICIENT. 


A series of determinations has been made to ascertain the influence 
of certain environmental conditions, particularly humidity, light 
intensity, and soil-moisture content upon the wilting coefficient. 
These determinations are given in Tables VIII, IX, and X, and 
indicate that the wilting coefficient is not materially influenced by 
the dryness of the air, by moderate changes in the solar intensity, or 
by differences in the amount of soil moisture available during the 
period of growth. 

HUMIDITY. 

Table VIII gives a comparison of the wilting coefficient obtained 
for Kubanka wheat grown from the outset in a dry greenhouse and in 
a glass damp chamber. All determinations were made with the 
same soil. Considerable variation is shown in the individual obser- 
vations, which is apt to be the case where plants are subject to 
extreme conditions. The high determinations are probably due to 
imperfect root distribution. The mean value of the two series of 
determinations is the same, indicating that the wilting coefficient is 
not influenced to an appreciable extent by the saturation deficit. 

A plant wilts when transpiration exceeds absorption. Transpira- 
tion may be decreased by reducing the transpiring area as well as by 
increasing the humidity of the air. Absorption may likewise be 
increased by increasing the root area. Bergen! has shown that 
when plants grown under humid conditions are transferred to a dry 
atmosphere they transpire water much more rapidly per unit area 


1 Bergen, J. Y. The Modifiability of Transpiration in Young Seedlings. Botanical Gazette, vol. 48, 
1909, p. 282. 
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than the same plants grown in a dry atmosphere. There are, then, 
three ways in which a plant may respond to a dry atmosphere, i. e., 
by increasing root area, by decreasing leaf area, and by decreasing 
transpiration capacity per unit area of leaf surface. In addition 
to the responses noted above, we have found a decided reduction 
in transpiration immediately preceding and during the period of 
wilting. These modifications combine to minimize the effect of a 
high saturation deficit on the wilting coefficient of a soil when plants 
are grown from the outset under the conditions under which they 
finally wilt. Although the assumption has been made! that the 
wilting point will be proportionately higher in an arid than in a 
humid region, our results both in the laboratory and in the field (see 
p. 63) indicate that this is not the case. 


TaBLE VIII.—Comparison of the wilting coefficient for Kubanka wheat in a dry green- 
house and in a glass damp chamber. 


In dry greenhouse. | In damp chamber. 


A Coeffi- : Coeffi- : Coeffi- . Coeffi- 
Observation. ant Observation. mint Observation. Biante Observation. aay. 
1 AS ee Ce se See Doers aaa eae ots Qe es AD epee ae Me Somat 9.0 I es Ry ah as See AS 9.6 
De ark OES clare es OE Oa PRS sees dopseoaes Oe AO eee ee betes 9.4 Des RE 9.1 
Sia Peep ders eee NO. Oe ocosaneeaacase QE AGIA Tees eae pe Noa 11.4 SSR n Se EeCaee 9.2 
(Lee aes Smee LOMA 2OSTh Beers QUO RASH eaes eee eee 11.7 Cea ee Panes en a 9.6 
Lee BOSS aoe I)50)9 RPL eeResoaecse cee COP ATTA: 0 ER Ua CURE 10.2 Dey homer 11.0 
(je Rea ee Ae ae TORQ MIR ZG ee er arcaneree OE GR RAO yearns pean as 8.8 (Gg A or Aas eee sha 10.7 
Tie sich ee 9 rs NOL OR Ap eaaeeaacoros SNOW heen ee nee: 9.3 ESAS EST eat 8.4 
CoH es RN I LOLOR| SOME ee eee Qa OO Due ae an Cae 9.1 fe year Ve Hee ea Tileak 
YP aacaneer ONO) |Poteeeee sada cameee 9.4 ,o Fe Aa ea ty eM 9.9 
BG pete ot a ORE OD pee as cee 9.9 1 Qe ER RE: 11.0 
I Ue geen ea en Seal eSoeosiaySeveniee Sopot 10.7 dy Res RS eel ra aR 8.5 
I fe ee ec a QRO TESS ease ee eeccs ee 10.2 NPA Se Oe ee gee 7.8 
gL Rete cee rae rae OI Bae Hs Oa B Oe tee 8.8 11S Pa NS MH aS 9.9 
TD 4G ah Fok Riera ees CO yal Paper se sar a 8.1 a1 GN Tear 20 ere 9.0 
Ua pee es Negi meniaee GER EES (een ane Sinise ete 8.4 Dees saree corer 8.6 
1 Gye es eee ONOM osteo e are iaee 9.3 1G PAR 9.8 
Meee seh a aht ee 10); G3 PAS see Gee 10.1 ——— 
TST en eee ae EE Qe soal 4 Oe oi is 9.0 | Mean............ 9.6 Meankinats acer: 9.6 
119 ya peepee ear ee QRS Alln che yl sepa k peas 9.3 | Probable error Probable error 
QO ee Meee ee ONGHIE AD ete NS core /stomiatas 9.2 of mean....... + .072 of mean....... + .17 
Die het aoe pee TLS Ce ye as a ee 9.6 | Probable error Probable error 
Dict SBE, Si Se SHO ei eA Ale yee tape 11.4 of single ob- of single ob- 
servation......] + .52 servation......] + .68 


LIGHT INTENSITY. 


The observations given in Table IX were made to determine the 
effect of ight mtensity on the wilting coefficient. The shade used 
was a single thickness of cheesecloth, which reduced the intensity of 
direct sunlight to about one-half normal. It will be seen from this 
table that the two series of observations are in substantial agreement, 
the mean difference of the two series being only 0.2+0.11 per cent. 
These results indicate that a considerable change in the light intensity 
has no marked effect upon the value of the wilting coefficient. 

1 Free, E. E. Studiesin Soil Physics. Plant World, vol. 14, 1911, pp. 116-118. 


Livingston, B. E. Relation of Soil Moisture to Desert Vegetation. Botanical Gazette, vol. 50, 1910, 
p. 251. 
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Taste [X.—Effect of sun and shade on the wilting coefficient for Kubanka wheat in 
soil No. 26. 


Observation. Sun. Shade. || Observation. Sun. Shade. 

| 
URES ee ee ek SA Ee Sees 8.9 9.0] TO. ee eee ee are ee ee eee eres 9.1 
VARS Epis Sen SERIE oh OA efi | Ye Ure ee Spe ea en Se YL Se 9.7 
SR i Rs a PNG Ee RO Ee 9.3 9.1 ——__ —_ 
Ae se aR oe es eee | 8.8 O30] | Merry. eects Se Srey ne aeenes 9.2 9.4 
Rigs OF | | 9.5 9.8 || Probable error of mean...-..-- + .063 + .09 
Gi eee Rei oS ees Wea tee ee 8.9 9.1 || Probable error ofsingle obser- 
Tose Fa ae AE SE ee ee 9.4 9.3 VAtION cee See eee + .19 + .29 
BY ois Mira a ae te RN) na 9.5 9.9 || Difference of means...........]....------ 0.2+0.11 
QUE eee RE AE 9.4 9.7 | 


RELATION OF SOIL-MOISTURE CONTENT DURING GROWTH TO THE WILTING 
COEFFICIENT. 


The observations recorded in Table X were made to determine 
whether the wilting coefficient was influenced by the amount of soil 
moisture available to the plant during its period of growth. The ex- 
periments were made with Turkey Red and Bluestem wheat. The 
water content of the soil during the period of growth was maintained 
practically constant in each pot, the pots being weighed daily and 
water added to replace that which had transpired. The moisture 
content of the different pots during the period of growth ranged from 
12 to 36 per cent, as shown in column 1 of the table. The plants were 
crown for a period of 61 days. Watering was then discontinued and 
the plants were allowed to wilt, when moisture determinations were 
made. The results of the wilting-coefficient determinations are given 
in columns 2 and 4 of the table, and the departure of each determina- 
tion from the mean of the series is shown. The distribution of the 
plus and minus departures gives no indication that the initial moisture 
content has any influence on the wilting coefficient. 


TaBLeE X.—Effect of different moisture contents during the period of growth (61 days) 
on the wilting coefficient for wheat in soil No. 4. 


Turkey Red wheat. Bluestem wheat. 
Water content during period of growth (per cent). 

Coefficient,| Peparture Coefficient. peveriase 

LAT Be TAS Sega ale ine Pa ty 6 2b Th Aa = ONE SS Pee ana ale DRE Se AE Shek acl A es 2g | BSE Cha Td 8 8 —0.2 
Uf Fee Tee Prey ee ee ese alte See cee ene Cie ore een Bee Cee 8.8 —0.5 8.9 — .l 
TEs Se se A Se en me Oe VW ee ee ee 9.5 + .2 8.7 = 3 
A Se an er rete oe he ee ai Sone ee aes 9.6 + .3 9.4 sk, 2! 
OO eet eet Spe Oe ed Os OR ee ae Se 9.8 + .5 9.6 + 26 
ZOE SERS Reet nei nen Narers ues 2 RAE Re eGR ences 9.1 = ee 9.5 + .5 
DAS TAN a hn Rae Mas aren LE oS te 9.0 — .3 9.4 soc! 
eee aoe ah Cae ere MeCN ee Seb a orem tia ems a sels See ee 10.0 + .7 9.0 .0 
D8 AS ed ee PONCE EOS SS canes es Aa aE Pa a 9.7 — .4 9.2 + .2 
Se ee OEE ete OL SS tas ae eS tee 8.5 — .8 7.9 —1.1 
DEN 5 ae Ss Re are de ee Re Dy Bia Be Se od cat Ei 9.6 + .3 8.0 —1.0 
71 WA i AN 6 th) AR ad Loa Rita Sp yee ET ei aD gelld Ay Lc re EA a 5 baa pn te 9.2 + .2 
BO ee BL rR ES pate a ae a) oe IR ot Sate 8.5 == 8)) 5 5S lee eee 
Mae ye Se Ee SL ia Tr ee See 9:0. i eee 
iProbableerror ot meanest seo ee ee eee eee = ar) Let Se ae = rs i eee ee 
Probable error of single observation.........----- Bea Oa See eee Se er Ol | eee eee 
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WILTING COEFFICIENTS FOR DIFFERENT PLANTS GROWN IN A 
SERIES OF SOILS 


It is evident that in determining the wilting coefficients for different 
plants great care must be used to provide uniform soil for the growth 
of the plants, since a variation in the moisture retentivity of the soil 
would lead to erroneous conclusions regarding the relative ability of 
two plants to remove moisture. Furthermore, it is desirable to make 
such comparative determinations in a number of soils of widely 
differing texture and composition in order to eliminate a possible 
influence of the soil used upon the final comparisons. Table XI gives 
the wilting-coefficient determinations for a large number of plants 
grown in a series of soils, and embraces experimental work carried on 
during a period of three years. Many of the determinations were 
made before the necessity of some of the precautions which have been 
mentioned in the first part of the paper were fully appreciated; conse- 
quently there is a greater fluctuation in the results of the individual 
determinations than otherwise would have occurred. 

The determinations have been carried on in 20 different soils, ranging 
from a coarse sand to a clay loam, and the data as presented include 
all determinations which have been made upon these soils. The deter- 
minations for the different plants are grouped with respect to the soil 
in which the determinations were made, the soils being arranged in 
the order of increasing wilting coefficients. A direct comparison of 
the wilting coefficient obtained for different plants with the same soil 
can thus be readily made without reducing the observations in any 
way. In using so many different plants the number of observations 
made with each plant have necessarily been limited, and too much 
emphasis should not be placed upon the differences shown in the mean 
values of short series in which the number of observations has been 
insufficient to establish the probable error. It should also be borne 
in mind that the probable error indicates only the accidental errors. 
Constant errors, due to any cause, such as an inadequate root dis- 
tribution in certain species of plants, would appear as real differences 
in the wilting-coefficient determinations for the different plants, and 
such errors would not be indicated by the probable error. 

230 


26 WILTING COEFFICIENT FOR DIFFERENT PLANTS. 


Tasty XI.—Wilting coefficienis of various soils for different plants. 


Soil and species or variety of plant. 


Soil No.1 (sand). Moisture equivalent1.55. 


eer tee ee te eee eee ee ee ee et te ee eee eee 


Mean for all determinations, soil No.1-. i 
Rropablejerroriofpmean= oe eee ee eee | 


Soil No.? (coarse sand). Moisture equiva- 
lent 1.55. 


Corn: one County White, C. I. 119.. 


we te re et ee ee ee te me ee ee ee ee ee ee ee ee 


He He 


He He 


He HE 


Fell | nll (il soel cont | cent Pel cool oe 


Coef- 
ficient. 


Soil and species or variety of plant. eet 


Soil No.7 (coarse sand). Moisture equiva- 
lent 1.65—Continued. 


Oats sekchersomsGosley 450 ee see 1.15 

DD) OS ioe Re ep 1.10 

DOU ee ee? en Ae Ee een - 95 

Méan Poa ee tee eee 1.07 

Oats: Swedish Select............-......- 96 

Banly: Beldiy Gv G0wa es eee eee 1.04 

Soraya Sra ee ce ie ee ees 1.04 

Key a eee te ae NS Se at er te 1.04 

Berley. HannchenyGzslaosle ae eee 1.18 

raat eet MNO) MORIN Se ea ede SED 1.00 

De A ene Sarge en Mh cena LA ad NaS NE .91 

IMEC ATA ee RON AE Se oa peer 1.03 

Rye: Giny SWAT COT seein ees rca 1.02 

ROMER REE Specs Seam ent Se acta 81 

Do Srey te he Shei Ce tind rae Soe ae aE . 90 

Mean cee eae eee ae eee 91 

UICC AP AM oe eee eye re eee .97 

OCF Pe en ee A api .95 

IM Gan ase heres men oe eee 96 

Squash: Yellow Summer Crookneck 1. 23 

On Sse eoe tee eee Lee eee 1.18 

MGs at. Soe tas Oo eee nr 11 il 

Pea: Canada field, S. P. I. 19389........- .90 

MOsSeso ete hc ee ee 1.01 

1 B Yo paeiea is seo crn tne Nea nen nien enya ciety ta Cost 1. 06 

| Bos seer ees a are RE OAS § a SO Ape ede tS 1.10 

Meare :.rs Sa re me ee 1.02 

Vetch: Vicia faba, Sisbels 154282hssse ee i522 

Tomato: Livingston’s Golden Queen.... 1.08 

DOs Sas Goo ne ees ae 1.14 

Mean Sas eto. St ee ere iil 

TOMBtOSSStONC=eeeeee eee ee eee eee 1.10 

Clover: ROG eee oe ee eee ears 1.00 

Colocasiae esc ee ene ee eee 1.20 

DOsc see Re 1.00 

IB (cepa ies tare Nate eae ka A 1.20 

Meant =e eee eee pe eee Ce oe isa} 

Mean for all determinations, soil No. 7.-- 1.03 

Probable erroriof means—- 222-2 ese eee + .01 

Probable error of single observation. ---. + .08 
Soil No. 87 (sand). ares equivalent 

2.48. 

WMetchaVvicianvallosassaece see eeeeeeeeee 1.24 

Os Ses Sees ee eee 1.10 

H.'s Kees ta eae eae miner ie ec eae eee aay 

Yeuns Vicia faba; SoBe 15428-2522. —- A: 49 

Wiaeiticie(tnG sic ae See ee cig ee eee 41 

TE) OSes ee ee ee aE ee 1.06 

Meahei 252225) ee ee ee 1.34 
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TaBLe XI.—Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. 


Soil No. 87 one) Moisture equivalent 
2.48—Continued. 


Mean for all determinations, soil No. 87.. 
Prob a pleerror OL meant. 455-56 - eae 
Probable error of single observation ...-.-. 


Soil No. 2 (fine ent i Moisture equiva- 


Probable error of single observation. 


EoreoF Red Amber, S. P. I. 17543.....--- 


Mean for all determinations, soil No. 2... 
Eropablererror ofmeanter- f=) ee ease 


Soil No. 8 (fine send) 
lent 


Corn: Boone County ie CAPO Ses 


a equiva- 


Coef- 
ficient. 


He He 


He He 


1.16 
1.27 
1.05 


1.16 


1. 23 
+ .041 
+ .117 


SOD] AINBDULPAMNRBAINMB MOI 


O bo 


-Oom H> Wow 


ob 


wo | copra]! oo | cocog || oo | conooe |] oo | coo || oo | oonoge 
w Core [o>] lo oS) Tor) oO Wor for) “Jor e He SIT OO 


Soil and species or variety of plant. 


Soil No. 8 (fine sand). Moisture eqviva- 
lent 5.5—Continued. 


Soil No. 9 (fine sand). Moisture equiva- 
lent 6.74. . 


Coef- 
ficient. 


“10 || © | Goo 


or 


a ollwlowrnoll Pilwlanme|l al anllal areal oo] Holle | son ||| a4{| 0] om 


i=) 
wo 


+ .043 
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TaBLE XI.—Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. 


Soil No. 9 (fine sand). Moisture equiva- 
lent 6.74—Continued. 


Corn: eeranees IMIG G SS ae eee cet 


ee 


Se 


cere eee eee ewe ee eee eee ec ee reer eecece 


wm] moo || B | oo || cofoogom |] oo | gogoee |] oo | cowoe |] oo | cocoes |] oo | goo |] a9 | gooo]] oo | gogoee |! go | goo9 I] go | 999 || oo | cece || oo | goce || mH | wooo 
So wreay ll © bo © 00 “I}00onN re “I > 00 Or lor) He ~I 00 CO &> bs He» OO “I [o oker) (or) Non for) > 00 ~I HO Oo | Cote cS Ie Ss) © S>? CO 


Soil and species or variety of plant. Rey 


Soil No. 9 (finesand). Moisture equiva- 


lent 6.74—Continued. 
AND UTI OMY Be hoe cee eee 3.6 
Colocasia RUST Pe eee tee teins ok tod 4.1 
UD Yo peste Spee GTS ete aati ae vat 4.9 
TBD Oe 2 EOS Oe OY 4.4 
Mica sa ic egica tie als dans See a ee 4.5 
Mean for all determinations, soil No.9... 3. 76 
Probablejerror ofemean!). 942-226-422 0ee + .036 
Probable error of single observation. .... + .23 


oro 


NO 00 
ro 


Barley ccuencsce ak seen eee ne ee Cee 4.3 
Oa aes TONE rae a a ae seach yaar Engen 3.9 
DD Y.0 el ta a AUN ap nS 3.8 
G5 Rats aa bee eI eR Lee tee a 4.0 
WETONS Wier mMlOss S55 S66 kseseSdade 4.4 
1D Yo eeRS Sereer Ata tee renin Suan Se 4.0 
AU) Oe ate hrs eo ogc ee eee 4.4 
TU) chee Se pop eee be Pa 4.5 
FO ee ee a re ee Girt Saal 
1D Yo yee SES PRN eS Ua ey ella Us tae 4.1 
1D Yo yee Ini ie ae rT SP Sn ee PS CN 4.7 
Mig arene Sule) Wn aan e rae 4.5 
Probable error of mean.........-.-- + .0 
Probable error of single observation a5 074 
Vetch: Vicia faba, S. P. I. 15428 ,.....-. 4.5 
Pea: Canada field, S. P. I. 193889........- 3.9 
RAO ee f ose sica sas Seeman eee ener Sh 0 
dD Yc eet an ea IOP cpa eee Ba ee 4.6 
DO 2 ee RE eee 355 
LK) seen es Oe eS ee ee 3.9 
Mean for all determinations, soil No. 80-- 4.2 
iProbableierronotmean=eeeee eee eee + .0 
Probable error of single observation. ..-.- + .2 
Soil No. 3 (sandy loam). Moisture equiva- 
lent 9.7. 
Wheat: Kubanka, G. 1. 1440..........-- Heil 
IDO ssc eccdeecS ee  eeS 4.9 
ee aN tes UTE SER SA GO Eo 4.9 
BY 0 tee a RE Ra) Se a Se oe te 4.7 
1D Yo ee Ae ee ARE ea Beate 5.0 
1 D Yo ae ea Ce a IE MSR Sd OS Soa OaE 4.7 
DOs eee eee a eee eee 4.6 
UD) Ones See oe ee 2 ae 4.3 
dD Yo epee eee GUND cere Na as oa 4.6 
DOO aes eee eee 4.4 
DO east OP i aes ee eae 4.9 
Dee ee ee es ee errata 5.4 
MeG@an 3 cicc eee eee eee 4, 
Probable error of mean.........-.- +. 
Probable error of single observation +. 
COEDS Red Amber, 8. P. I. 17543 ......- | ae 
MOAN icics use eoecse abcess meme | 4.3 
Water Cress; Scccsec ccicddes cise eee 4.4 
IDO nhs Sola cinacewn Oe Sone Meee cee 4.9 
DON sate steko eee See eee 5.4 
Means disk oes ete 4.9 
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TABLE XI.— Wilting coefficients of various soils for different plants—Continued. 
Soil and ies or variety of plant Coef- Soil and species or variety of plant Coot. 
oil and speci pCh vient Actont: P y : ficient. 
| Soil No.3 Candy loam). Moisture equiva- “Soil No. 10(sandy loam). Moisture equiv- 
lent 9.7—Continued. alent 12.0—Continued. 
Mean for all determinations, soil No. 3.. 4.8 || Pea: Canada held Sie Pe ls 19389 ae 6.9 
Probableverror, of mean: ... 22. 5------5 + .07 ID Yee CGR ae Oe MRL RD Teele a 7.0 
Probable error of single observation... . + .27 ID Xo SE Bas et atm oh a Ae RS ae NAA 6.8 
Soil No. 10 (sandy ory Moisture equiva- Mic aint nn Niet noni eer ltetcr sy rons 6.9 
lent 12.0. 
| Corn: Boone ee White, C. I. 119.. EDEN gees MAS Sa Sacer aren Be 
ID Yogi: eile Oe a ae ae ea GG nnataa ns Caanienenn yin Ta i 
pee MMe NAN Gd oie ie eA 6.5 HA CST see ey ee a eA I 6.1 
Com: Esperanza, M.66-.......-.-..---- 6.2 Tomato: Livingston’s Golden Queen 6.9 
IN) OR eee pyar seen es 6.6 
BERARDI Dien Ceara tata MOMATOPIS TOME ey ye sree ys a pe ain 6.9 
LD XO A eis Sg Ek  irsi eds en a aero 7.0 Oi ER I TaN egy Tie MONE 6.8 
MSW OR es tO ae a a 6.6 FOR. ee Lek Cee GIO wa la ia 6.9 
Sorenum: White durra, S. P. I. 24997 oe OPA VASES Eee ON Ce NT eri 7.8 
BOAR Fe Chl aan aia ha ait a rcemicy ale : A eM rele eine CRAM Ci Repeal ye eters mea 7.9 
De ose oedhebosoacoscnesauacosSenodsess 5.1 TB YO PRE MO RCe Selena NOI ela se Fh 83 
IY SRS Ye SOP ES eS A 5.8 INTOerra aes Sea en TT. 
Serena Dwarf milo, S. P. 1. 24970 oe Mean for all determinations, soil No. 10.. 6.3 
Be ATA S PU NCET SULEEL UR Rees 6 4 Probable error of mean......-.---------- + .06 
Sea ap ae a ‘* || Probable error of single obervation...... a A 
HIER o> cos choo> oscar up apc ob eee: a0 Soil No. 82 (sandy loam). Moisture equiv- 
Wheat: Kubanka, G.I. 1440............ 5.9 alent 14.5. 
gree Ay) ag || Vetch, Vion villosa) Me i 7.9 
Monin ee eon HU ea uc eects 6.3 Mech Vicia fulgens, 8. P. I. 21502...... oe 
Wheat: Bluestem, Minn. 169............ 5.7 Do oe 6.8 
nome sn le ad Mean 6.8 
Mca nents Re SN eS i 6.2 Net Vicia faba, S. P. 1.15428. _..._.2. 8.8 
Tae BSH Ni SASSANID) (ay Ree a UR HEI Jann ny LLL OE NUY 7.6 
Oats: Kihersom,sGelt45 OL oes 5.9 Do Peo Ce RRO BHD a ICOa Ono aeGc non 3 8.2 
Oats: Swedish Gelect i.e er) ee. 6.2 Mean....-.--------+++-+++++2-+-+- 8.2 
mote ee ea limes: Canada field, 8. P. T. 19889......... 8.2 
I Ee, ea HTL ASRS US TA SSID Be PUES LIAN 8.9 
Sea Sl Es Bl pes ene eee ar : 
os IMIG aT Reet ctey sera rape ie 8.6 
BarleyeepeldinG a0! sees meee eee : : ian 
Sc by Oia te a aes ean dane oP || Atfalfa: Grimm, 8. P. 1. 25695........... 7.8 
| INT Cerra eapeenieee nea ih eee ee PL 6.3 || Mean for all determinations, soil No. 82.. 7.8 
i Probable error of mean...........------- + .17 
| Barley: Hannchen, G.I. 531............ 6.1. || Probable error of single observation... .- + .54 
\| AID) Opgere Sint re renee eo os 6.4 
| TD Ya): Si ar eh ee Sl a 5.9 Soil No. 4 (fine sandy loam). Moisture 
| equivalent 18.1. 
| WIGS AMEE eer Nas ek etcetera el Mapu erage 6.1 
——————. || Wheat: Kubanka, G. Te Oe 9.7 
IRR Cobhiiy Witenes se Scope seeodos Saf BNO) Baie eyes AUS CS NSA re ac aS 9.7 
DOS Gove seD Soe Spee pe rate rere i558) POX Gass eis rene misao eres te A IN Sls 9.9 
LD OPE ec ee a See ee cating Se Soe siete 6.0 LD Yo eee eas a ah I ei LN co AL 10.1 
US OB eee ea ete Une LE Ne ha 9.7 
NICE ate a tk i eee ae Se Ne 5.9 13) OSE ee cee alu ree ks a) Samoa 9.8 
DD Yo) oS A pes Me icles eae ge ve ae A BO 
RCO Seay ai see eee oes eu ele WE 7 HIE) © Pes ee mere MI Nin SECU Sunt ae Ue eA 93 
IDO Seo aoe Sai a ee ee et oe oa cant 5.1 IDXO NE ees stealer UALS) Aa SUG SUT a a 9.4 
TD YOY GS Sesto ae alk en Ce eee 5.9 S15) eevee aE ET Hee Ce ga 9.4 
EBD, ye pe Ste HN os ELS Ee eA ave 9.3 
IMIG OLS Ar Sa ali ee gee a Egon 5.6 IDO SSS aos ee meee ere mR 9.3 
IDO Me Wahi REN ee eae rn wee 9.4 
Saget Yellow Summer Crookneck 6.2 — 
Bo He CC ORE EAEEL BEE Soe USE Ean ae 6.5 UTS FE oe i ge a Ml ce 9.6 
Probable error of mean............ + .05 
BA STEN hes ci 5c eh a a a I 6.4 Probable error of single observation sey oils) 
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TaBLe XI.— Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. 


Soil No. £ (fine sandy loam). Moisture 
equivalent 18.1—Continued. 


Probable error of single observation 


Mean for all determinations, soil No. 4... 


Soil No. 26 (sandyloam). Moisture equiv- 
alent 18.6. 
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TaBLE XI.—Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. 


Soil No. 12 corm): Moisture equivalent 
8.9—Continued. 


I (SEW a ies eer als ser eR orn aa ta 


IMIG aT eae ar ete eens toe tee sy 


Mean for all determinations, soil No. 12... 
Probable error of mean 


Soil No. 78 (loam). Moisture equivalent 
28.8. 


Coef- 
ficient. 


Soil and species or variety of plant. 


Soit No.78 (loam). Moisture equivalent 
23.8—Continued. 


Mean. 


LOT a pce UNE Pla en ie nue Soh Se 


MG aTi ey eye eee tres a once eee Ue CUE 


Mean for all determinations, soil No. 78... 
Probable error of TANG AIS es) -clo ey atest 


Soil No. 86 (clayloam). Moisture equiva- 
lent 23.3. 

Cucumber: Nichol’s Medium Green..... 
Muskmelon: Extra Early Hackensack... 
Barley: TSU DUN EA ekioly Se ee ee ae lle 

: Boone County White, C. I. 119._.. 
: INS PeranZ a MiGG ee eee sae ya 
: Northwestern Dent...........-.--- 
A Mexd campy UMeri 4s wae EEN sais lie 
MOHICO Mis io oie tees ce Meee ee 


Mean for all determinations, soil No. 86-. 
Probable error of mean..............---- 
Probable error of single observation ..-... 


Soil No.5 (loam). Moisture equivalent 
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TaBLE XI.—Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. 


Soil No. 5 (loam). Moisture equivalent 
25.0—Continued. 


Mean for all determinations, soil No. 5.. 
EFrobableierroriof means-c2s-essseseeceee 
Probable error of single observation ...-- 


Soil No. 13 (clay Lappe Moisture equiva- 
lent 27.4. 


Corn: “Boone County White, C.1I.119.... 


Se oy 


i i i er ey 


Coef- 
ficient. 


Soil and species or variety of plant. 


Soil No. 13 (clayloam). Moisture equiva- 
lent 27 Tea 
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Mean for all determinations, soil No. 13.. 


Probable error of mean. ..............-.- 
Probable error of single observation - - .-.- 


Soil No. 14 (clay pam). 


Moisture equiva- 
lent 29.3. 


Corn: Boone County White, C. I. 119... 
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TaBLE XI.— Wilting coefficients of various soils for different plants—Continued. 


Soil and species or variety of plant. ae Soil and species or variety of plant. ae 
Soil No. a? (clay loam). Moisture equiva- Soil No. 14 (clayloam). Moisture equiva- 
lent 29.3—Continued. lent 29.3—Continued. 
Tomato: Livingston’s Golden Queen.. 16.5 Mean for all determinations, soil No. 14.. lve 
QR ete ne ee inc se seo ine carte a ele 16.5 Probable error of mean....--.....------- + .10 
TN) Gy eae Be Ee oe BN Ee te 16.2 Probable error of single observation... ... + .56 
Mean 26ore tee ae abe Ai ais Soy ee 16.4 || Soil No.6 (clay loam). Moisture equiva- 
—————— lent 30.2. 
Squash: Yellow Summer Crookneck 16.6 
Wheat: Kubanka, G.I. 1440..--.......-. 16.3 
Wheat: Kubanka; Gi1.1440.-... + --2 52 17.3 Olt Peer ae Eee ee 16.9 
BS eof ca Sree arate oe Siar eierei Sra elas 17.3 DORE Se ao Seat ore ee secle ae ase 16.8 
Do ARES Rotode Heese Sees ere 17.8 WI GEER tes ee PEE eee ete ee 16.4 
DOE eae seers aes ae win ea ble eee es 18.3 DOSS ae eae eee oe eae eas eee MES 
WO Ree ee eee ae ees Bae Ss ae 15.4 ie) ae Dem eee es ee ieee Ae pe Bye LSS y/ 
DOT eae e nce aoe ence ec aeeeee 16.5 ID) e stents aac AOR oe eee ea aa 17.3 
ID Yo esi ay ee ac rte een ee WES DORs ace see ee ae oe Eee 15.6 
LD) os Grae ees SRE See perm eS Erm ee 17.4 DOS he cere oe Bas ae Saas 16.0 
TE) Ores reer peg a Socio eros 17.4 1 Da Batata Sa RO tS SOn Saba SSee Eee: 16.0 
DO RSS ee aot o eee e sonic ose ee 16.0 AR ORS er sea eee a tate Mec ena  ae 16.2 
; — 1 D0 eset eer mie a 16.3 
Mean tae hee seat eens W741 1D Os Here eine ear ei S35 RESO CCN Ie 16.7 
Probable error of mean......-..... + .22 1 0 as Re apc 2 9a a ee ca 16.2 
Probableerrorofsingleobservation., + .68 Dg PAE Aa ot fain Secs ee MT nw a NA 16. 8 
SS U0) aS a oy ae ae NP SO RC 16. 
Comegbon iM (os sees nae yy ee Bees 16.4 ——__ 
Buckwheat: Orenberg........---------- 17.9 Mean for all determinations, soil No. 6.. 16.3 
Pachyphytumadunenm —<-<- =. 2... = WET Prohable,error,of mean... 22s. - 42.2.3... -+-~ 408 
Echeveria pubescens. .-.--..-..---------- 18.8 || Probable error of single observation... -. + .33 
Nopalea cochenelifera..................- 17.6 


RELATIVE INFLUENCE OF THE SOIL AND THE PLANT ON THE 
WILTING COEFFICIENT. 


An inspection of the results given in Table XI makes the great 
influence of the soil texture upon the wilting coefficient at once 
apparent. The mean wilting coefficient of the different soils used 
ranges from less than 1 per cent to over 16 per cent. The range is 
even greater for extreme types of soil, as we shall show later, the 
wilting coefficient of the heaviest clays being as high as 30 per cent. 
In other words, the moisture content of the heaviest clay soils when 
reduced to the point where plants wilt is more than 30 times as great 
as in dune sands under similar conditions. Plants will wilt in the 
heaviest clay soils when the water content is greater than sand soils 
can possibly hold if drainage is provided. It is thus seen that the 
great differences in the wilting coefficient encountered as we go 
from soil type to soil type are due simply to the difference in the 
moisture retentiveness of the soils. 

On the other hand, the results given in Table XI show that the 

use of different plants as indicators of the wilting point produces only 

a relatively small change in the wilting coefficient of a given soil. 

Representing the mean value of the wilting coefficient of a given 

soil by 100, a range from 95 to 105, approximately, would result 

from the use of different plants as indicators. The influence of the 
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differences exhibited in plants on the wilting coefficient is, then, 
very small as compared with the differences in the moisture re- 
tentiveness of soils, the maximum values for plants being only 
about 10 per cent greater than the minimum values, as compared 
with 3,000 per cent in the case of extreme soil types. 

Slight differences in plants do, however, exist, and these differ- 
ences as a rule hold for the different plants throughout the determina- 
tions with the several soils employed. In order to make a more 
extended comparison possible, all of the determinations which have 
been made with a given plant have been brought together and 
reduced in such a manner that the collected results for the different 
plants can be directly compared. These results are given in the fol- 
lowing section. 


RELATIVE WILTING COEFFICIENTS FOR DIFFERENT PLANTS. 


In making a final comparison of the relative ability of plants to 
reduce the soil moisture before wilting it is necessary, when different 
soils are used, to eliminate from the results the effect of the moisture 
retentiveness of the particular soil used and thus reduce the de- 
terminations for all the soils to a uniform basis for comparison. This 
reduction has been accomplished by determining the ratio of each 
individual determination to the mean of the whole series of de- 
terminations made upon a particular soil, as given at the end of 
each table. In other words, each determination is divided by the 
mean of all the determinations for that soil, irrespective of the kind 
of plant used as an indicator. If, then, the wilting coefficient of a 
soil for a particular plant is higher than the average, the ratio of the 
individual determinations for that plant to the mean of the series 
will be greater than unity. If, on the other hand, a plant is capable 
of reducing the moisture content of a particular soul somewhat below 
the point attained by the other varieties of plants grown in that soil, 
then the ratio of the individual determinations for this plant to the 
mean of the whole series will be less than unity. With the aid 
of these ratios, then, it is possible to determine for any individual 
plant, no matter in what soil it may be grown, the extent to which 
it is able to reduce the soil-moisture content phos: the point reached 
by other plants before wilting occurs. 

The determinations in Table ».8 F ee with those in Table 
XIII, have been reduced in this way, and the results are presented 
in Table XII, which contains under each crop and variety the total 
number of wilting-coefficient determinations made with that variety 
and the mean of all the individual ratios for that variety calculated 
as described above. When the number of observations were sufi- 
cient to justify the calculation of the probable error, such calculation 
is also given. 

230 


RELATIVE WILTING COEFFICIENTS FOR DIFFERENT PLANTS. 35 


Referring to Table XII it will be seen that the corn varieties, taken 
as a group, give aratio which is slightly greater than unity. In other 
words, corn appears to give a slightly higher wilting coefficient than 
the mean of all the plants used. The several varieties of corn dif- 
fered only slightly, the lowest ratio being given by Boone County 
White, a variety largely grown in humid regions. It is of interest to 
note that the Mexican and Indian varieties native to dry regions gave 
no indication of being able to reduce the soil-moisture content lower 
than other varieties. 

It will be seen that in the sorghum group also the differences 
exhibited by the several varieties tested aresmall. The two varieties 
which gave the lowest value were White durra and Red Amber, each 
having a mean ratio of 0.94, indicating that they are capable of 
reducing the soil-moisture content somewhat below that reached by 
corn at the time of wilting. 

The results obtained with different varieties of the small-grain 
crops—imillet, wheat, oats, and barley—show that the influence of the 
different varieties upon the wilting coefficient is slight, the extreme 
range! for the four crops being from 0.95 to 1.03. Rye, of which 
only one variety was tested, gave a wilting coefficient slightly lower 
than the other grains and comparable with the sorghums. 

Of special interest are the low determinations observed in the case 
of rice, in view of the fact that this crop is generally supplied with an 
abundance of water. The low wilting coefficient is probably due to 
the abundant development of fine fibrous roots, which insures a root 
penetration through all parts of the soil. 

The different grasses tested, most of which are natives of the 
Great Plains, gave ratios differing only slightly from one another and 
in practical agreement with the small grains. Most of the legumes, 
on the other hand, gave a mean wilting coefficient slightly higher 
than the average. 

The miscellaneous plants upon which only a few determinations 
have been made are grouped in the last part of the tables as hydro- 
phytes, mesophytes, and xerophytes. The water plants give a mean 
wilting coefficient slightly higher than the other groups, due to the 
presence in this group of Isoetes, submerged plants of which were 
taken from the water and grown in the air without being permitted 
to develop new leaves. This plant also had a poor root distribution. 
If we except Isoetes, the other hydrophytes give a mean wilting 
coefficient identical with that of the mesophytes. The xerophytes 
tested gave a mean ratio intermediate between the hydrophytes and 
mesophytes. This would indicate that plants native to dry regions 
are unable to reduce the water content of the soil to a lower point at 
the time of wilting than is reached by other plants. 


1 Based upon all variety tests which include six or more determinations. 
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TABLE XII.—Observations showing the relative wilting coefficients for different varieties. 


Plant and species or variety. 


Corn: 

Boone |Countyawibite, UASeS slow ee ee aes eee 
PISDCLPAIZa, RMP. OO secs ones aco ere aa ei ne meron eee eee rere 
Minn. 13, U.S. S. 183.....--.-------------------+-+++-++--- 


Lagun: 

hice Ms 12ese 2 se oss esas SE See eae ee a eS 
TOW SiUVEIMING <- 22 co csc oats cine Seno cee Seeman eee 
Chinese; |S.c2. WT. 223088. si ase Ao eoe Be eee tes sacs es 

Sorghum: 
White. durra,, S.-B. Ta24997s . 2. aoe 2 x5 dcp oaseeeee sees 
DWartmbHo Ss bes 249 Osescc ccc a neor we nee eeeetee eee 
Réd-AmbetsS. sR 7548 2 bono daa Sos ees sets ees eee 
BlickvAmper Minne gt ocmecc eee eee ee eee eae eee eee 
Red Kafir, S. P. I. sae pee ce See eee aosse 
Blackhull Kafir, SaPs 


Blackhull Kowliang, G 
Brown kowliang, $ 

Millet: 

KoorsksS. Boils 22400 228 oc sacs t ahasesst newton: sec ceases: 
Common, RS Pigi Bria Wt, D8 4 Ue ce een ns ee ei et aie ye eo 
Siberian, 2G: BECO INTO Re Rc se ge me ee ee ee 
German® S iP 26845 see aes ee are Sic cee Berne eee 
Chaetochloa IATICAS Sapiee 21 Oi oas esas eae ee oe 
Proso, G. I. 

W heat: 
Kubanka, (Gab 440s sts Sa ee acne see nee eee 5 
IBhestenl; eM iGO a ys ete eee ee Cees 
Purkey WRed RG. cl s1558 eas sista Sena ee anet te eee 
IBTELESYS SP PEs NOI OF Oe oe at 2a i- Se) aa os 2 Se aciee see 
Kubanka, EERE We Bie Se ee ee i ta ee nears Sn ee A ee 
Kubanka, BEAD FAG ree ee DAE ea 2c eR ae ey 
Yellow Gharnovka, SS ber 260082. eee eae oe eae ieee 
Yellow Ghamovka, GATE VARA 5 oc ee ean aye ee Ren ee 
Power’s Fife, G.I. 302 Sa Oe CER eree Eis eee as Oe 
Pelissier, G. i 1584 ee Sees ear ae eerie Sh eit ey te OU ae 
Emmer, Ss. P. I. 19907 

Oats: 

Kherson, G. I. 459 
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Burt, S. BT O46 [Once ee ede Oe & Gee ian Caer RD 
Red Rustproof, CG We ae ee ete eer See BC a sa 
Barley: 
Beidi, Gal: 
iHannchen~ Galsoste- ass see ores ee eee ee ee es eee 
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Hull-less, S. P. T. 12709 
Rye, Giant Winter 
Rice: 

Japan, G.I. 1 

Carolina Gold. °e. PSA GAD Soc etek eas aeae once Seen 

Honduras, G. T. 1643 
Grasses: 
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Probable error— 


| Of single 


Of mean 

Tatio. | Tatio. 
0. 007 0.038 
-013 . 052 
012 052 
017 072 
007 044 
026 089 
. 008 . 040 
-O11 . 027 
. 009 | . 023 
. 0021 051 
. 0066 035 
.0116 038 
. 0149 058 
. 009 033 
.013 . 054 
-O11 . 047 
.013 . 034 
Oe ee -049 
.014 . 054 
. 005 . 028 
.013 . 043 
-013 . 052 
-013 . 032 
. 006 . 035 
012 - 064 
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TABLE XII.—Observations showing the relative wilting coefficients for different varieties— 


Continued. 
Probab — 
Number i obable error. 
Plant and species or variety. 2 Sony 
Conve Tatio. | Of mean | Of single 
2 ratio. ratio. 
Legumes—Continued. 
Melilotusjalbay se teeplecl 2G ie aeeaseesetree cise ecient 8 1.03 0.012 0.033 
RVACIAGVAN OSE rs ic musics rrtarroric Minto ca eininrapelarg oreo orate 6 17 1.04 013 053 
Micia faba, Si Ped5 428 tan jaca ee Semmes eal ais seine 23 1.02 016 078 
Witlanuleens, Gubskepcln02 cesar sere c acne eek erties sere s 6 JSS BI | farms aaa eels Nae 
Vicia atrapurpurea, S. x - LS His Serint a ACmin SAREE BIaOObe 3 DLO Fs erases oie ye | es eh ape 
VACIAtenValiaiGe Fecal GIB eos Ss oes oe ec ee ae cen ebiceeis 3 OD aaa sors ees peas ok 
Chick-pea, S. P.I. 3132). Sete Sa UE eS Oe aes eR anit Ue 3 StS RBG Be eae BeBe ar 
COWES sheer cle LOMO = rans soley ies rere mimesis oe sew ose eles 3 ROS recs dects ot wets. nea 
GlOVieTsT eda Ras sees oe S Sate go emacs kcbisceece aaecccls 5 10 ay ee a ee | eee ats 
Samfoins Sie gs aac Salas inn ace ce meme weer ncies 3 OO he oe es See aR tes ors 
Wupiniiswousillussee sk ces ew es Ds. Wekhe coins os isewiceee inicio 2 OU ral sat aicleraee erent ae 
Cucurbits: 
SQUaS eee ae ease ean cee elias amine aie Wemete ibe sts wale oe 15 1.01 018 073 
MUCUMDCT ae eee eee © laces «AHO ERS Re tok renga te site 1 NOOK ML e ee eee tte me 
IMIS Kern) CO) OTN Sys ep a as aes BS Sha ea cto pons ates 1 BLO: ical terest dee) Se ee ee 
Tomato: 
Livingston: SiGoldemi@ wee ncaa eee Benois ra Sears cise 17 1.05 011 043 
Shige Sig aac, Ba Ue Rea Re RS oe a Ne a Rae ae Re a Sr ae OE 3 THOS GS | Eee eee eG 
Goloessta, Se e210 eaerapreeeeron cetera seine enn elas Sete niaeies 19 1.13 015 056 
Hydrophytes: 
IWS LERCTOSS era ate ep cn reer he a raleccrat stare i Se erat ereie 3 ASCO BSP eee pao | area ae Pe 
ASOETCSISACCHANE ba aes see Sot eR eee Be tein Sane ae 2 SDSS em | es Gua Ae Ue eae Sa 
PUNCUS Dalticusees see os oe Noe e ar ne aetna eens 1 BLO fre i eae | Liat Pu eee 
Hanunculusseptentrionalis: - 2.2.2 22. jo. 2 osc ec ck cee snes 2 AO Sates Re RS lie aR aa | 
Mesophytes: 
IN (ey RSA (Cy lp ft ee a ae a Oa 3 TED | ese he (ok NC 
Plantago 2 DOG pcre oe SA eae es 
Citrus limonum 1 JOG us| Meso |e 
Abutilon 3 BiG Ler a | Bee Meicee ai nn ep en go 
Cotton 2 OF Mr eee e Sera an eee 
Coleus 5 OO ie emccelon liege so 
Lettuce 3 OUT Ui | PA te tae | 
Potato 3 1 OG ce |e s Ueee [eget oe 
IB b CM AONE S SB rrcrcy 3 5 ins epee eel ae a se i HODES Be sees pelea ees 
Sipe Ce bee eee as ia Seis ree areece ae ara oie wrasse aiemicre oi mermee 3 OG oa Ee evaey pos les tater 
BISA Ase ae ces Se a tS re ah es ea a Ae fe LTC oh Ole. alah 2 ROOMS eee cue ys cer G NR a eae ihe 
UAC ee ee eee we aera rey Coe Lee 3 Ce HASH Dieta ee eae Oe Sees 
PAA AKATLGMUSMOGRO MO RIS ae. eae ie es ea 5 DCO EES a par aia 
Xerophytes: 
SGrandeliaSQuanrOsa <6 elses oom = ocean ese ence 4 IOS hal ees oo Ree See eR. 
WTO OM TCO EAA A bbb on sano dneseeaos 3 LS OA ip | hte Sosy es | gees 
Artemisia onap nal odessa. cea asics osc crseierece nce eine ones 6 TOG aH Boss as SSS ge ese 
Pachy phytuimead unCumesessa sae secee ose ess seen noes 1 TUS COR Sipe ee Aad eS OE Ne eas) ee 
Echeveria pubescens ....... Aen rs and a, Mes ae 9 We Ns BR eR 1 SIGS 310) pone eat a A fei tee 6 ee 
INopaleaicocheneliterasia= seas see ae nase eee 1 DOS es eee a eee | eaten mse 
Totalimumber ofobservations. «ce. -coscs-s ciscee ceo SDE SIU Ba Saris wis Seek este kee hc ad ay oN 2 
Wiel te denier yas Satya mcisacteicbers aioe wlatess eile rae eel Bereta crevice TROON Ea Sees” . 054 
SUMMARY OF RESULTS FOR DIFFERENT CROPS. 
COT ag a ote Fae renews aba eee ee 75 1.03 0. 003 0.042 
SGne Uaioe sree epee rerscls tse ecbeices cis cs ob cece monn 66 - 98 . 008 . 062 
ISIC pepeeeeet es eens etre eS in re UO oC TOS on Cee cee 48 .97 006 035 
VAVIOVSRI Eee ee ee Ae Erg me Re eg i Ue as cn 653 .994 002 049 
OBI ess ORS SHUG He eis al eee ee ees Seer ei ape ea uM et 46 .995 007 . 047 
IBGE ENS 2 CBSE aC 5 RSS ses eee a Ge Roa as ae We arene yee 60 -97 006 047 
I RAT OHS SOS Sod wo SRSA AS ICE Ree eee rey get ee 19 94 011 049 
IRGOE tS ga aane 4 Se SEP EEN Sam ew ee en ys ete ee eae 21 .94 012 054 
CTEISSES ee ee rap ete cae fee ne ace Set hac ARE Uy soe 77 97 005 040 
NEAT P ese tee, pats OR een etn ey nN Sd Ad Be Ss EEE 138 1.01 005 059 
CUT UAT NS ete ae a ec es pen os Se pee dee iene Mop 17 .99 016 068 
AWOVLGDUO bn e Stes ares & ea i Re nk OO 9 gee aap cg Oa mau a 20 1.06 . 009 . 040 
WOlOCAS Taare eee ee sree ee ee ys 2 VA i Se RC 19 1.13 - 005 . 066 
Hydrophytes 8 1.10 . 037 . 105 
SMCS IY LES Racer oA oer cE SA UY AE uh dee salen elas oleae 35 1.02 - 010 - 058 
SNICTO PI VCS atresia are cere erase Mele tc ctajainreleine ar aieine mieieraiew se 16 1. 06 - 008 . 032 
Total number OMODSerVAUONS oer aon icci< sa oo oaisy- ow ioie oes DP SESS serch So ayara eee ee ees oes ene 
AWE 1 SLO CeIM Calter ence trees ea cerca eee eee eee Seaton ee oe) | ie oei/niciare DOU bs recites mrercveemiciers 
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Looking at the results given in Table XII as a whole, it is seen 
that the relative wilting coefficients of the different species range 
from 0.92 for Japan rice to 1.13 for Colocasia.t The Colocasia is 
an extremely coarse-rooted plant, and the fine fibrous roots that 
are so characteristic of the root systems of many of the grasses are 
here wholly absent. The result is that the Colocasia fails to 
reduce the water content of the soil uniformly. From those parts of 
the soil mass which are located some distance from the roots 
water can be obtained only by capillary action, and this adjustment. 
takes place very slowly in the soil when the water content is approach- 
ing the wilting coefficient. The determination of the moisture con- 
tent of the whole scil mass at the time of wilting consequently gives 
too high a value for the wilting coefficient. If the Colocasia is 
excluded on account of its imperfect root distribution, the upper 
limit of the relative wilting coefficient drops to 1.06. 

Imperfect root distribution is again encountered, to a less degree, 
in corn, certain of the legumes, and some of the coarse-rooted plants 
of the Great Plains. Coarse-root systems as a rule are accompanied 
by high values for the wilting coefficient, and such values are to be 
attributed to imperfect root distribution rather than to any inherent 
inability of the plant to reduce the soil moisture content to the 
point reached by other plants. 

The results of the determinations shown in Table XII are sum- 
marized at the end of the table with regard to crops without refer- 
ence to varieties. Reference to the mean ratios shows the slight 
difference that exists among the various crops with respect to their 
ability to reduce the soil-moisture content before wilting occurs. 
Sorghum, millet, wheat, oats, barley, and the grasses are practically 
the same. Rye and rice appear to be a little lower, while corn and 
the legumes are slightly higher. 

In a soil whose mean wilting coefficient for all plants is 10 per cent, 
corn, according to the above figures, would wilt with a soil-moisture 
content of 10.3 per cent, while sorghum would wilt with a moisture 
content of 9.8. Assuming that the roots were distributed to a depth 
of 4 feet, this would correspond to an additional amount of water for 
the sorghum plants in the 4 feet of soil equivalent to a rain of 0.3 of 
an inch, all of which penetrated to the root zone. It is possible 
that conditions might arise whereby the sorghum would be able to 
profit from this sight additional supply of moisture, but such a 
limited reserve would scarcely suffice to ameliorate conditions during 
a drought to anv greater extent than would a single cool, cloudy day. 

1 This statement applies to all varieties upon which six or more determinations were made. The mean 
of a less number of determinations than six can only be considered as indicating whether the wilting 


coefficient for that plant isabove or below normal. Ten or more determinations are essential for a quanti- 
tative expression to which weight can be attached. 
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Fig. 1.—AT THE LEFT: BOONE COUNTY WHITE CoRN, KUBANKA WHEAT 1440, AND 
JUNCUS BALTICUS. AT THE RIGHT: EARLY ROSE POTATO AND KUBANKA WHEAT 
1440. Fic. 2.—CoLEUS AND KUBANKA WHEAT 1440. 


THE SIMULTANEOUS WILTING OF PLANTS GROWING IN THE SAME 
SOIL MASS. 


COMPARISON OF WILTING COEFFICIENT OF PLANTS. 39 


COMPARISON OF THE WILTING COEFFICIENT FOR DIFFERENT 
PLANTS BY GROWING THEM SIMULTANEOUSLY IN THE SAME 
POT. 


In addition to the determinations given in the preceding tables, pot 
cultures have been made of a large number of different plants with 
Kubanka wheat growing simultaneously in each pot (Tables XIII 
and XIV). This procedure renders it possible to make a direct 
comparison of the relative wilting point of the two plants inde- 
pendent of any determination of soil moisture (P1.I1). It also tends 
to eliminate any disturbances arising from environmental conditions. 
Differences due to unequal root distribution, however, enter here as 
in the other determinations. The results are given in Table XIII, 
which shows the relative time of wilting of the two plants under 
comparison. Soil-moisture determinations were also made in con- 
nection with these cultures at the time of wilting, as in the preceding 
series. 


TaBLE XIII.—Wilting-coefficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat. 


Plant species or variety. Coe Mean. Comparison with Kubanka wheat. 
WigSb Shab Bias eneaeaasacossesoesaEee 10.1 

ID) OR eee re eel ete ene aie 9.9 

DO es eins sista 9.8 9.9} Wilted simultaneously; corn shows more 

discoloration. 

TOPICA (eee era ccm re eine neice ae 10.5 

TOYO Ss Sep ers acta oe ea aa 9.9 

Wome seen ern eee enmclecter 10.0 10.1 | Wilted simultaneously. 
Triple Hybrid, U. S.S.165......... 10.0 

LD OR area k ha ee ore tae 9.9 

DO aa Sea e ca eeiee 9.4 9.8 Do. 
in dianvlintiesses see eee 10.9 

D) Oma ee eae ie a eaee 10.2 

WD ONS ere coe ate esos oe ae cet 10. 4 10.5 Do. 
Northwestern Dent...............-- 10.2 

ID OCS Saitscod SeSer aan eens 10.4 

HDD) Operaeree nee eae See OS aS} 10.6 | Wilted simultaneously; corn shows more dis- 

coloration. 
DRY bree ee ees Gln eee ate 10.5 
ORemre eee oe soe are erg mie eke 10.1 

ID OF ee rere tents he ua: SS aee 11.0 10.5 | Wilted simultaneously. 
WhiCOreM eG (Di ee ec octet oe 10.0 10.0 
TOWAISIVeLMINe Ss 28254-25224 2s ee 10.2 

Qe eats etn eicicys ein nein eves 10.2 

AD) OMe een ecm bese essiau ce 10.3 10.2 Do. 
Chineses Surkerlsr223082 50-562 = = 9.7 

DOR eee tre ee ae ee a Ee 9.8 

AB) Oe ocean a CNL 10.1 9.9 Do. 

Sorghum: 

Black Amber, Minn. 341............ 10.1 

ID) OW eee ane Stee eae witane 9.7 

UD) Oe ee ee ets NE 10.7 

DY ORs on eee Se ae 10.4 

DOS Ti oe et = eee ee IE 10.3 

IDO eso Daan oa ee aeee 11.2 

ID) Oe ees ce oisess a sac aw ince 10.6 
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TABLE XIII.—Wilting-coefficient determinations in soil No. 30 ( fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Coeffi- 


Plant species or variety. cient: Mean. Comparison with Kubanka wheat. 
Sorghum—Continued. | 
Black Amber, Minn. 341-......<.... 9.3 
On ea eee = ae ee | 9.8 10.2 | Wilted simultaneously; sorghum turns light 
color and leaves do not rollas much as wheat. 

Red kafir, S. P. I. 24985........ | 10.2 

DO aacscste oes earn eee ee 9.4 

Dols. 2 ict Rae | 9.6 9.7 Do. 
Black-hull kafir, S. P. I. 24975 ..---- 9.7 

DOF Se ere eee eee eo 10.0 

DO Sse SR Rea Sees 9.9 9.9 | Wilted simultaneously. 
Dadgi durra, S. P. 1. 9856......----- 10.0 

1 DY) ee eee ne ates Sac 9.5 

Dogs hele cSREE eee eee | 10.0 9.8 Do. 
Black-hull kowliang, G. 1.310...... | 9.6 

De ee RES Te ae sed 10.1 

Boll! SGT Be of ee aa | 10.0 9.9 Do. 
Brown kowliang, S. P. I. 24993..... 10.0 10.0 Do, 

Millet: 

AUISK Soe. E2240 sas i sesso 8.7 

DO Shahar 8.6 

1 Day eee a ee ee ee 9.1 

DORM eee Se aa eee Seen ieee 8.6 

1D Yee ge ee Se Oe aes 9.0 

Oe ee ee cee eee ee een 9.3 

IDs Se oe one aera aeinaeoe 9.0 

WVOs Bessie es e Slee Se SL ee 9.8 

DO ee ree pone eee aan ete 9.5 

WO eases See ee eae 9.1 

OMS eats be atin 5 cee peas Sires 8.6 

DO Sere es ae bee ete eee 8.9 

DOS kee aes ee os eae 8.7 

WD Oe ee a eee meee 9.1 

1 BG) Sr Se a ye Ses Sots ok BRAT at 8.7 

DY Nps eee eg 8 Ut canes os 10.1 

ST DTU As cease chee Pee aheo eas athe an Se 10.3 

DOES es i ee eres eae 9.8 

DON Sees eee eee es eee 9.6 

1D (soe re a A ele Se 10.1 

DOSS ee eee een eee 10.2 

DO ee ta 7 en 9.3 

DOs hess 2 Bee a ee ee eee 9.0 

1D Ya ee veers Ce ere mgs Ree 9.6 

DOE SEs 2s Ee ae eet 8.2 

ID eee Ba Le ee ae ee eT 8.9 

Ge eek ie Seen 8.9 9.5 Do: 
Commons (S.Psleweioe sas ee ee ne 9.0 

1B [a ee mee ee ee ee ate oy mut tee eed 9.3 

1B 0) peasy Ae Be fa Pac SE ae gino 9.1 

ID) Sea See EL ol Se es: 9.1 

1 DY as es eae wae eds iN a 9.3 

1 BY yaeteee Se res Oe Ce a Sey ee 10.0 9.3 Do. 
Chaetochloa italica, S. P. I. 21073...| 9.6 | 

LD ener Al anh Sree ae i 10.6 

A) ae ea wi etc eae RR | 10.0 9.7 Do. 
ProSONG Wena heen ee ee ee ee 9.3 

Dg ees ae a ees cease 9.8 

AD Ya is at ag ey aes aad ne Re At 9.6 9.6 Do. 
Siberian. ose) ob O62. eee 2 9.4 

DOR Sere eee ee ee ene ia eae 9.3 

DO ee een Merman rm ene 9.8 

DO coos See ean es 9.7 

(IDOec a ee eee eae 10.1 

A D Tae seice a De bae Oe SSE ae 9.8 9.7 Do. 
German SoaP= 126845 ee ee eee 9.7 

DO. 220s Se a ee | 9.4 

DOes. 5 soe5s ee ee ees 9.7 9.6 Do. 
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TaBLeE XIII.—Wilting-coeficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
wih Kubanka wheat—Continued. 


Plant species or variety. Cos Mean. Comparison with Kubanka wheat. 
Wheat 
Kubankas! Gil. 1440022 soc oc coce oe 9.1 
HTD) FRE NS sobs ee rea ay ec 9.8 
BD) Oke aos Ie apne eel bes LONE 8.5 
DOE eS eS a 7.8 
SD) Oe eras Heer evr perce aed 9.9 
ST) Oe a Oat eke aa ayoe 9.0 
DOA ee eae eee Se eee 8.6 
TD Yea SW seme (iN, Bs Aad ES ae a OR 9.8 
BTS) ey eu o eee MUR Nel NL aL 9.4 
TD Yo ea arabe ul a Get A aU AE 9.0 
aD) Qs se ae ee apse teers On, 
8 DVO eg ee eed oi es SR 9.8 
aD YO) se hse ee aa aN a A 9.6 
DDO enon hy) UIE aia ee 11.1 
ABD) OIA a eee ee UY EU ena arate 8.9 
TD Yoyake Seve ee NCEA bes OU eee eA 9.7 
DY 0 8 ea SR ek a NO Une 9.5 
TB Yo ae va ie ag ee eT SR 9.4 
ED) Oreo este EN Gee ee 9.6 
TD Xa yates wae Pa eb sti Nee ee cI ah ala 9.7 
ID Yo yaestteahs yay Se UE car Lier CU AEA I 9.6 
D0) Seep Ses Se Ee UP Me 8.9 
DD) OSes en eee ae eens 9.6 
1D Yossie ne pears aes aU eae 9.4 
BUS) yee ces alee SIR aa NCC D8 9.9 
SD) ee Ne ae eres OR aaa 10.7 
zal DY Ogi ed eSB PUD se aU es AN AS ae aI SST 10. 2 
8.8 
8.1 
8.4 
9.3 
10.1 
9.0 
9.3 
9.2 
9.6 
11.4 
9.0 
9.4 
11.4 
11.7 
10.2 
8.8 
9.3 
9.1 
9.2 
9.0 
8.2 
9.1 
8.9 
9.0 
10.0 
10.7 
10.0 
10. 2 
10.2 
10.0 
10.0 
9.6 
9.1 
9.2 
9.6 
11.0 
10.7 
8.4 
11.1 
9.9 
11.0 9.3 
9.1 
9.2 
8.9 9.1 | Wilted simultaneously. 


1 Only Kubanka, G. I. 1440, in these pots. 
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TaBLe XIII—Wilting-coefficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Plant species or variety. Rent Mean. Comparison with Kubanka wheat. 
W heat—Continued: 
ReubamkasiG ws lb aes ecm ayers 9.2 
AID) Op ie as aaa aiare teytaye a er erent 8.9 
DO ease ise bs. fans see ses neon. 9.3 9.1 | Wilted simultaneously. 
KenbankasGael 2246 eee sesso 9.4 
EL) O fayoyerse ees serra ore er yore ens 9.3 
DOR Resor acess Ses eee 9.4 9.4 Do. 
Yellow Gharnovka, S. P. I. 26008 . 7.8 
DORMER ueeue ent Osteen eens 9.5 
DO ce eee teen ae are 9.9 9.1 Do. 
Yellow Gharnovka, G. I. 1444....... 9.4 
DO ees Betisaie soho neeieia oasis 9.5 
DD O eracerresitaiars gueoewioea oeee teens 8.9 9.3 Do. 
IPOWel/S hile mye see aa aaceeeeeeee- 9.2 
IE) Over eee ie orroe uae eee 9.3 
DDO ee eee ae eis ame eee 9.2 9.2 Do. 
Pelissien Gels Lo84e eae eeeiseecee ee 8.7 
ID OSG ance ns sicine ere tite ee ae 9.3 
WD Ose ase eae se cen eae Oe eens cieenee 10.0 9.3 Do. 
Oats: 
Cana dig niesseie yee ace een cuisines 8.5 
ID Oe slsase ee tee eels cesneeee OG 
DD Os ere ee ere ee nee ae 9.0 9.1 Do. 
Seventy-five Day, G. I. 337.......- 10.0 
ID OL esse Saas Sees ecmee eaten 9.6 
VD YO) Pak Mes Leys Sea hee Sie ae Lv 9.9 9.8 Do. 
Sixty-Day Girl O39 nae nee ee eens 9.6 
1D) OSES Wiel ee eee ra tea aes 9.8 
ED) OSE eats ee hI S As eS eee etepevaie er 10.7 10.0 Do. 
BiP GE OUT esata cree Seo eteeosee 10.0 
HD) ea pee Dis atane Sens mu ae ee 9.9 
ID OM ciaiaie esa team a eveeetd 9.7 9.9 Do. 
1 OID Ia Bera eso mac CODEC EL ne aS OES Eee 9.0 
DOr oka natemesecewance seers 9.2 
ID) Oe ee sete ean meme ane Sd 8.9 9.1 Do. 
edu US tprooieaceepeeceecceeeesce 8.9 
ID) OSes oe a belive siaete weer ate 8.8 
DOM Seer cee Seamer ee tee 9.0 8.9 Do. 
Barley: 
Mariuit: Gist 261 see oe ee eeveiens ce 8.8 
DD) Oe Dey ear seer em yas 8.7 
LD Of e cye sees esa ter eee 10.0 9.2 Do. 
Pel RG el AGE eee Mee raeer lee 9.2 
1D Xo) ies |S ee pee tae a SORE a eSg 8.7 
WD OR ae encircle hia suenctosioe clea 8.8 8.9 | Wilted simultaneously. Old leaves of barley 
do not roll. 
White Smyrna, G.I. 195..0.......- 9.0 
(Oa ae RS ly Ne GETS Se A Sn 9.4 
DOs See iiss AA AN Ars Nee 8.9 9.1 Do. 
Oderbrucker, S. P. I. 26105.......-. 9.1 
TOYO} Pee ea oe ea aaa ae 8.6 8.9 | Wilted simultaneously. 
Rice: 
Carolina Gold, G. T. 1645.......---- 9.2 
sity fl Yo Na ey aa aN ial Se ere 9.5 
DD Og erie ote eerie aeiaen ieeeine 9.3 9.3 Do. 
Ionduras sy GiL. 1643 Nees secre vers 10.1 
IDO oo, c:ca ee ee ese cree 10.2 
MOA Sse das here meeeee eon ae 9.5 9.9 Do. 
EMMOP eee < ctenwiaaiee seca meee 10.2 
DOP eee eee ees ee eee ae eae 11.3 
UN eee SSP ye a ee a eS 9.9 10.5 | Wilted simultaneously. Emmer rolls more 
than wheat; could not recover in damp 
chamber. 
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TaBLE XIII.—Wilting-coefficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Coeffi- 


Plant species or variety. ate Mean. Comparison with Kubanka wheat. 
Grasses: A a5 
Agropyron tenerum........-------- : 
SRO ees eine ene Lic 0.6 
Doe Ss So. eee eee eee 9.6 
TD Ye eS ee Se 8 a eee 10.4 
TD Ye yee aa Foal Ca rahe ea ane 9.7 
DO oe Reta seen ae 10.9 
DO see ees ae ee cee 10.3 
ORS Se ee ee Soe eau eats 10.5 
8.8 
8.4 
9.3 
9.0 
9.3 
9.7 
9.0 9.5 | Wilted simultaneously. 
9.9 
9.2 
9.6 
9.2 
8.9 
8.7 9.3 Do. 
PARSING ee ee a eee ee ela 10.1 
LYE eee sy ie Bel pe a 9.6 
I BY es Spel ees ee ae aap ha 10. 2 
DO eee et ee aia ene meen 9.8 
DOS aes Se ays Se eae ee 9.5 
DO aoa Serie ce ee aac pee 
TD) Sere te ee 10. 6 
5 DY GI ae ae ee ed © eae ae 10.7 
IDYOR G3 Sek Se BOO eae eas 9.7 
TBO) Sa ae eee eee ee a 9.7 
1 Dye ates tet re Ce see MI oo 11.4 10.1 Do. 
BroOmuUSANeCLMISHs Ses. fo ee ee ee 9.4 
ID YO gra ee ee Aetna eae traps 8.8 
LD eS Se as te aR es eh anes 9.6 
DO a sete tae ee eee cere 10. 2 
9.5 
9.5 
O57 
8.9 
9.5 
9.3 
8.6 
9.0 
9.5 
9.5 
9.1 
8.9 
9.5 
9.1 
8.9 
g RY aes 5 ae Es Se a ee Se el 10.1 
ID OS Sr et are a Ee ee 9.5 
OR een oe eee ee 10.3 
DOR eye ee eee oe eee 9.3 
BDO Ree eee ee ee ee 9.0 
DO es Se eereetae ee a 9.3 
DO ee te aes ene ens fe! 9.0 
LD Ys ie a See ae Sa 9.3 
TDD SSS eee ae ore, eee etre 9.6 
DORR ee ee 9.4 
ND Oe Pe ee Sr se 9.5 
HD @ Paes rear POL se ete a eS 9.9 
IDNR Se Sos ae ee ee 10.1 
IBY 5 = Sa eek eee ei aa Re cape ei 9.8 9.4 Do. 
Elymus canadensis................- 9.6 
LD TO SSS a gin aie eee ee a 9.7 
EDC) Sed a ae eae St ee eee 9.6 9.6 Do. 
DLipasvaseyaa yo teens te 5st 9.3 
ID) Oso ee 8 See ake e 9.6 
BD) Oe an Sa Se nts Od ee 9.7 9.5 Do. 
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TaBLeE XIII.—Wilting-coefficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Coeffi- 


Plant species or variety. Cicnt 


Mean. Comparison with Kubanka wheat. 


Grasses—Continued. 
Sitamionshy Strix erence see eee ae 9.2 
ST) Oe OPEN glare yh) at 9.6 
IDOE Sonosadadandsounbesbospcoode 9.3 9.4 | Wilted simultaneously. 
Aristidalongisetas=ss-eecee eee eee 9.5 
Oars Pes Sa Never rey Eee 9.7 9.6 Do. 
Bouteloua oligostachya...........-- 9.7 
Alfalfa: 
Grimm) GS: cbse 2560 52a: sae eeee 9.2 
Xo YRS Oe es ar ee Se ORR St 9. 4 
D0) eee SI a IE aa Ae a 9.0 
1 DG) ye Sree tN eter TEI RICE ne. 9.0 
AB oe NE eee ee Peano Tri AVE e 8.9 
day ec a a eae ogee Used RIES ES 9.0 
BU) a eS ioe I i wl ay aI Ee Ra 9.2 
1D Loy ES a Ere ea aie gens DN AUD a 9.3 
BD) Ree ayaa ik ee aN eae oe 9.7 
EIB) ede a Nee Rl La RO Na ee 8.9 
ETD) ey SRR LOI ah SE Mad canoe Mile ea 8.8 
LD YO REA een eu opp atena sre pe nee nS 3 9.7 
TD Ot RC rea ON ea 9.0 
EIB) ee a RR gaa 9.3 
1D ee eet A ne Neg ae as a 8.9 
ED) Ory Ne GU a Cl Ae 10.0 
AD) Opa eGR AGRI EMNN Sie ee idead cI as 9.1 
RIED Oy tere ae alae ele Sas ION ove a 9.2 
1D XO RO Se ee AL Aa OORT A eR ea Ls 8.7 
BE) Orr) Mee NOR CAEN or B a gts 9.2 
JB YoY ea Mee ai Uae GA 9.6 
TD Xo ape SN cath ERA COC al a nNeaa 9.0 
1 DY Yeti asta ee ee ten UN Tem Sel os ag 9.8 
ID Yas Re aaa kee ene On a 10.3 
BD) Os ee seseke aber eh ena ima niet 10.1 
T BOY RCSD Piette anal es Bana 10. 4 
AT) A Ve SAL UIE Ze UN ILS 10.0 
IDO) Se pert Cons He SAS ete Cte 9.8 
1D Yo yer ssh sae estetiges armies tor bustin ah San 10. 1 
Dowels u Wa) Lae eRe ie 9.6 9.4 Do.> 
Vetch: : 
WaciavabaaSobenlel 5428). sem uaa ene 11.0 11.0 Do.’ 
Vicia atropurpurea, S. P. I. 18132... 10. 2 
AIS) CE PONS I OEIC HN y 10.1 
ID XO nays Mice Ne Nn eae SU pate ay 10. 4 
AIR) ©) 2a eee se neg OU Ee AUR MARE Oe 9.9 10.2 | Wilted simultaneously. Vicia does not look 
badly wilted, but could not recover in damp 
chamber. 
VACHE T Valli a ce eens a aia ey ln a a a et 8.9 
DD Yaya te Aa Nc ee NBG a 9.1 
OD) OCG aT BOI Oe RAE NA Gib En 8.7 8.9 | Wilted simultaneously. Leaves wilt, but 
remain upright. 
Melilotusialba, SP. 0.21216. 222. oo. 10.3 
Dos aps eet AO Oe EN I A AMPA en 10. 6 
1D YO ES See eee Ge fee a ue ea 10. 2 
STD) Reais oe a a le aed So ee 9.6 
AID) ey AN ACTON UNIS SURF PK UU DR 9.9 
TED) Sa ene s 2 e ua nentipa Car NS 10. 4 
RED Fave fee SCE ee CO OE Rt MS Te 9.1 
1D Yay as cia y Rect seine gee ane ene hae 10.1 10.0 | Wilted simultaneously. % 
Canada field pea, S. P. I. 19389.......... 10. 2 
LED) OP a AGE oth eh ee NUL SUA 9.3 
IB) Eraser ens vere wn pe eg pas RAE LI? 9.4 
US) OS DNR sie eniae alan AI ane SE LICR 9.9 9.8 | Wilted simultaneously. Lower leaves of pea 
wilt first. 
CowmeariS 3 Pal2649 7 eaeeeee ae eee 8.9 
TID eRe ae aE UN Ou Se Spec Ae a 9.6 
1D Xo) aregh pees yeaes es ey alee Ne Ucn FeANey an ete 9.9 9.5 | Wilted simultaneously. 
Chick= peas 29) GUE es eee panes 10.1 
DXi Re ces ERP cis i tee ab ee 8.5 5 
ST) UNAS a Re ear 8. 2 8.9 | Wilted simultaneously. Could not recover 


in damp chamber. Chick-pea leaves do 
not droop; they merely fold together. 
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TaBLE X{II.—Wilting-coefficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Plant species or variety. Cae Mean. Comparison with Kubanka wheat. 
Santon PI c24931 ee sae eee eee 9.0 
IDOI 55 So ee eta ZI Marie EN 10.1 
HD) OF ate isie = ews Gis Sis SSE erate = rasicte Heal 9.4 | Wilted simultaneously. 
Clowerared ease eae eee eee 10.5 
AD) ea Ge A SRI Saree te ee yeyeicter 10. 4 
DD Ope saa to set oeserere ane seme wc 10.7 10.5 Do. 
WuUpimuspusillusmeeesesee sees eee 9.3 
Oe ee sere eee eee cine icles 9.4 9.4 Do. 
Mornine=clorysaeee eae sence sane 10.5 
Oe ais Bae win wis oe rae eras eins 10.8 
DONS ee See ee eae ese cn a oe 10.7 10.7 Do 
Cottons:Columibiaz se sss: — eee cee cee eee 9.8 
Onsen steams Sem eee ae 10.3 10.1 Do 
Adiantum) pedatumlsjoss24 oe ee eee neee 11.0 11.0 Do 
JUNCUSHballiCUSie esate Oe ee esee 10.3 10.3 | Wheat wilted and leaves of rush dying back 
simultaneously. Corn insame pot wilting 
at the same time. No recovery in damp 
chamber. 
Sallisxas pices o6 oe Sey aris eS eve es 8.8 
A Dae en eee a stesey ers eer ns ne 8.1 
DOR eA cise See oe ease 8.4 8.4 | Wilted simultaneously. Pots allowed to 
stand too long before moisture determina- 
tions were made. 
iPlantacommal Onsesce seco ee eee 10.5 
QeS Son cose S oSueERenoTeecs sacarHors 9.8 10.2 | Wilted simultaneously. 
hettuce secre. ose ees ee ae 10.9 
DOS Saas i een Satan tas eget 10.5 
DOr ess oe oan cetacean seep ee a oe 10.8 NOs/ Do. 
Colocasia ey awoke Sie sy es 10.3 
TD) Ore ees irerac ent oe eee eee 11.2 
HD) Oieeere perc ay sears rene seen Maen 10.1 
DO EG ANS Ea OER Core te ae arm eae 10.1 
AD) Qe s Hes a aes is Co 10.1 
DORE ace see en eee ete 10.0 10.3 | Wilted simultaneously. No evidence of dif- 
ference. Colocasia has poor root distribu- 
tion. Neither wheat nor colocasia recov- 
ered in damp chamber. 
Isoetes saccharata .....................- 13.1 
Oeste Cee ea eney he mae mua 12.7 12.9 | Submerged plants transplanted and kept in 
glass damp chamber. Outer leaves dying 
(do not wilt) simultaneously with the wilt- 
ing of the wheat plants. Poor root distri- 
bution of both wheat and Isoetes. 
Oakca@ hestn utter esery see isee ose ee 11.0 11.0 | Wilted simultaneously. Poor root distribu- 
tion. 
IBCet SUPA ee etree Ce ais She a ot 10.7 
QE GIS ARO SS OH Oe aE Game Eee 9.4 
AD) OS ye eee ee eee eae ee 10.6 10.2 | Wilted simultaneously. 
IEDR SAS Sa CAP SCRE SCE Ss SOS ame 9.3 
DOR ae Sees aeoeiee smc seine se sic 9.8 9.6 Do. 
Potato: 
HWathyailvOS@easeeam eer ee cee 11.0 
DOM Rae ose es akode etaee ook oe 10.5 
ID OR pas Ue oc Sane eee aaa 9.3 10.3 Do. 
(CHER Sias Geseee Os Secs Qe see amare ae 9.0 
DORR Se ese Sete oe oe Se Sas ol 9.5 
IDO dinssecoavte de Sotoe Os car peosedueor 8.4 
WD) Oe Ee Poe ewn inte iasiasaies kee kde 10.3 
OG steosce Gee Sobdadee aonacoEs sebaeee 10.7 9.6 Do. 
Grindeliaisquarrosasss. 82282 eo ae 10.0 
iD 0 & Aes, Ee ne a OEE SS 2 ee en 11.2 
1D eB See SCE SC See emer 10.4 
DROS so Sees See coisa eiwoa wists 9.9 10.4 Do. 
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TaBLeE XIII.—Wilting-coe ficient determinations in soil No. 30 (fine sandy loam), 
moisture equivalent 18.5, for different plants grown simultaneously in the same pot 
with Kubanka wheat—Continued. 


Plant species or variety. | tg Mean. Comparison with Kubanka wheat. 
| 
Amaranthus retrotlexuS: =. ------s--2- >" 9.1 
DOE eee ee eatery anes ee 9.7 
TD Oe es ea ae ee ee eos 11.0 
TD Yo ees aes Se eee ee aS ae aS 9.4 
SL) Oe eek eh ce et ora a oe 9.6 9.8 | Wilted simultaneously. 
Vernonia marsinataesc see ece saeco eee. 10.2 
ORR ne eae mie Sele sie eres ee ere eee 9.8 
ID ORS Bate oe era ee or emer 10:15} 1050 Do. 
Artemisia gnaphalodes......--...-.-...-- 9.3 
UD) One Oe ee Oe 10.7 
(DOR oe eee erence eee ee eas 10.0 
DD) OR eae cee an ye a ee ee eee 10.9 
ID ORG eer ea oe ere se eee ee ee 1ON7 
1D) OR eae Sepsinr ne ou mie ee Me A es ey es 9.9} 10.3 Do. 
For all determinations, soil No. 30.|........-- 9.7 
iRrobablererrorofmeane ne secee nl eae eee + .02 
Probable error of single observa- |.......-.-. + .04 
tion. 


TaBLE XIV.—Plants grown simultaneously in the same sealed pot with Kubanka wheat, 
G. I. 1440, but no soil-moisture determinations recorded. 


Number 

Plants. of pots Notes. 
WA LETICTOSS oa ce caccis So ete re nce sie eee si eee ae 8 | Wilted simultaneously. 
Ranunculusiseptentrionalist=s24------ == --= sae ee 2 Do. 
RAMEN CUIUS A DOLGLVUISH eer eee epee nee eee nee 5) Do. 
INCOTUSICAIATH US eiseceie wen eee ro ae nee emia meena eas 2 | Wheat wilting; flag dying back. 
Peltandra wired oe Nico toe = eee eee ee eee 2 | Wilted simultaneously. 
Balm DOG sirctoctaesce sete roe Dike sai Se ola or ee 2 Do. 
DD AGUrAS Gram ONT UII. eee a eee te eno eee ere 2 Do. 
AGiantumM ped atumls eee se nenee ee eee eae eee 3 Do. 
Polystichumtacrostichordesmeras2 sere eee eee eae 4 Do. 
iHepaticawiplobacscases-seses seiner oe eee eee eeeer 2 Do. 
SELES Doe os eeerca re sere ee ocereies, aerate oe ore ne ote oleae Brawls 2 Do. 
Heterantheraweniiorntissscesss sae eee eee eee 3 Do. 
PANS Ge Das ee ae ee ae) ere ee a eee eee ee ane 3 | Wheat wilting; onion dying back. 


The results obtained by the method of simultaneous culture are 
in practical agreement with the determinations already discussed, as 
will be seen by referring to Tables XIII and XIV. 

In nearly every instance the plant under observation wilted simul- 
taneously with the wheat growing in the same pot. The corn showed 
a little more discoloration than the wheat in some instances, while 
in the case of the sorghum the leaves did not roll quite so much as the 
wheat. The emmer showed a tendency to roll more than the wheat. 
With the remainder of the plants tested the wilting occurred simul- 
taneously with the wheat, as nearly as could be determined. 

A single wheat seedling was used in each pot. Since the root dis- 
tribution of this seedling was not sufficient to permeate the whole 
mass of soil, we would expect the wilting-coefficient determinations 
to show in a modified degree the differences exhibited by coarse- 
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rooted and fine-rooted plants in the preceding determinations. In 
other words, the wheat plants in the pots occupied also by coarse- 
rooted plants would tend to give a higher wilting coefficient than 
those in the pots occupied wholly by fine-rooted plants. This is in 
accordance with the results obtained, the corn and some of the 
legumes giving a mean wilting coefficient a little above the average. 

The results obtained by observing the relative time of wilting of 
two different plants growing in the same soil mass are then in accord 
with the conclusions drawn from a comparison of the wilting coeffi- 
cients obtained with different plants:as indicators, namely, that the 
differences exhibited by crop plants as regards their ability to reduce 
the moisture content of the soil before wilting occurs are so small 
as to be of little practical significance in the selection of crops for 
semiarid regions. There is no evidence that drought resistance in 
a plant is due to an additional water supply made available for 
erowth by virtue of a greater ability on the part of that plant to 
remove moisture from the soil. 


METHOD FOR DETERMINING THE WILTING COEFFICIENT FOR 
PLANTS HAVING NO DEFINITE WILTING POINT. 


The wilting coefficient of a given soil can be found for most plants 
by the method already described. In the case of plants having 
aerial water-storage tissues or thick, heavy leaves this procedure can 
not be followed, since they have no well-defined wilting point. The 
method herein described makes it possible to determine when a 
plant of this kind is no longer able to obtain water from the soil as 
rapidly as it is given off to the air by the plant. This condition is 
analogous to wilting in the case of plants without water-storage 
tissues. 

Let us consider a fleshy plant such as a cactus, the roots of which 
are well established in a mass of soil contained in an impervious 
pot, with the surface of the soil sealed to prevent loss of moisture 
except through the transpiration of the plant. Consider this system 
supported on knife-edges located on opposite sides of the pot, and 
suppose the system balanced with suitable counterweights so that 
it is in stable equilibrium when the plant is in a horizontal position, 
but with the center of gravity high enough to form a system of some 
sensibility. This system if set in motion will oscillate about the 
point of equilibrium. As the plant begins to lose water through 
transpiration, water will move from the soil to replace the water 
lost from the plant and the soil end of the system will become lighter 
and rise in consequence. This process will be repeated as often as 
the balance of the system is readjusted to the original zero point, 
until finally the soil is no longer able to supply water to the plant at 
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a rate sufficient to meet the transpiration requirements. The plant 
itself will then begin to lose water from its storage tissues and the 
plant side of the system will consequently become lighter, with the 
result that the plant will eventually move upward or in an opposite 
direction to its former motion. The moisture content of the soil at 
this point is the wilting coefficient. 

Between these two extreme conditions there occurs a brief period 
during which the soil is able to supply some water to the plant, but 
not in sufficient quantity to offset the amount lost when the trans- 
piration is greatest. During this time the balanced system will 


Fic. 2.—Apparatus for determining the wilting coefficient for plants with water-storage tissues. The 
glass pot containing the cactus is clamped into a brass ring which is supported on knife-edges and pro- 
vided with suitable weights for adjusting the sensibility and restoring the balance. 


appear sluggish and uncertain in its movement, as if no changes in 
the moisture content were taking place, although weighings made 
upon the whole system will show that water is being lost.’ 

One form of apparatus which has been used in making these 
determinations is shown in figure 2. It consists essentially of a 
brass ring suspended by steel knife-edges which are so inserted that 
the edges lie in the same straight lme. The glass pot is held within 
this ring and is further supported on two rods extending horizontally 


1It is possible with a balanced system of this kind to distinguish between absorption and transpiration 
by determining the loss in weight and the weight which must be added to the soil (or plant) centroid to 
restore the balance of the system. 
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from the lower part of the rimg. Four thumbscrews working upon 
rubber packing serve to clamp the glass pot securely into position. 
A threaded brass rod extends downward from the lowest point of 
the ring and carries a pointer at its lower end. This rod also carries 
one or more cylindrical weights, which are screwed up or down on 
the rod until the desired sensibility is obtained. A second coun- 
terpoise carried on a threaded rod parallel to the plant serves to 
counterbalance the excess weight of the soil over the plant and pro- 
vides a convenient means of balancing the system. The exact 
position of this counterpoise can be recorded from day to day, if 
desired, by a simple scale measurement from the ring to the edge 
of the counterpoise. A sheet-metal cylinder closed at one end 
surrounds the glass jar and is held in position by friction on the 
outside ring. This cylinder is either nickel plated or covered with 


Fig. 3.—Simple apparatus for determining the wilting coefficient for plants with water-storage tissues. 
The system is suspended from a piece of knitting needle which is cemented to the walls of the pot. 
aluminum paint and serves to equalize the temperature of the pot. 
The surface of the soil is covered with wax composed of a mixture 

of beeswax and tallow or of paraffin and petrolatum. 

When small plants are to be used the apparatus can be very 
simply set up with the aid of a short length of rod and some suitable 
cement. An apparatus of this kind is shown in figure 3. The 
cactus is potted in an ordinary thin-walled drinking glass, the plant 
being placed at one side of the center and the surface of the soil 
covered with a layer of wax. As a substitute for knife-edges a 
piece of a knitting needle is cemented across the top of the glass with 
De Khotinsky’s hard cement,! the latter being reenforced with loops of 
wire cemented to the walls of the pot. A brass rod or heavy wire 
about 3 millimeters in diameter and 60 or 70 centimeters long is then 


1 This cement softens somewhat in direct sunlight, and the pot should not be left suspended under heat 
conditions. 
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bound with fine wire to the outside of the glass and cemented as 
shown, to serve as a support for the counterpoise. When suspended 
between suitable supports the system oscillates about its position 
of equilibrium, which can be adjusted by means of the counter- 
poise. The end of the counterpoise rod in this case serves as an 


Fig. 4.—Simple apparatus for determining the wilting coefficient for plants which have no sharp wilting 
point. Knife-edges are employed which render the system much more seusitive than the one shown in 
figure 3. 


index. A vertical rod for changimg the sensibility, while conven- 
ient, is not necessary in a small system of this kind, as this adjust- 
ment can be quite readily made by warming the cement and moving 
one end of the supporting rod slightly. In the apparatus shown a 
weight of 1 gram applied at the center of the pot produced a deflec- 
tion of 20 millimeters at the end 
of the pointer, so that a change 
in the moisture content amount- 
ing to 0.1 gram was readily ob- 
served. This sensibility can be 
increased by the use of knife- 
edges as in figure 4. 

Another form of the apparatus 
is shown in figure 5. Two nar- 
row slots are milled halfway 
through a piece of $-inch square 
steel, so as to engage the opposite 
walls of the glass pot, and a rod 

ee Pe for adjusting the sensibility of 
Fig. 5.—Diagram showing the construction of knifee the system is inserted in the cen- 
edges. The square rod is milled halfway through < x f 
at points where it engages the walls of the pot in ter. In attaching the knife-edges 
order to reenforce the cement joint. to the pot the slots and the 
edges of the pot are coated with hot cement and forced together. 

A convenient counterweight is shown in figure 6. The coarse 
adjustment is made by sliding the counterweight along the sup- 
porting rod, after which it is clamped by the set screw. Exact 
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adjustment is then effected by means of the threaded nut on the 
counterweight. 

When a fleshy plant with a well-developed root system is used, 
and the soil contains a suitable amount of water, the system acts 
essentially as described above. The plant will continually tend to 
move downward from its initial position of equilibrium, owing to 
the movement of water from the opposite side of the system to 
replace the water transpired by the plant. As the soil becomes 
drier this movement becomes less 
marked and indeterminate, until 
finally the direction of motion is 
reversed, the plant moving up- 
ward as its own weight begins to 
be reduced through the loss of 
water. Fig. 6.—A convenient counterpoise weight for use in 


oe : adjusting the balancing system. A coarse adjust- 
This 1S well illustrated by the ment is effected by moving the counterpoise 


observations given in Table XV, weight along the rod and clamping with a set 
showsnegcleanly the three stages Yo, 
characteristic of a balanced sys- 

tem of this kind. The table includes observations made with a bal- 
anced cactus plant (Opuntia ficus indica) and with a young lemon 
plant (Citrus limonum), the latter serving to show the wilting of the 
plant which accompanies the change in the direction of motion of the 


system. 


TaBLE XV.—Observations with two balanced systems, one containing a cactus plant and 
the other a lemon plant. 


Plant and time of observation. Weight. Notes. 
Cactus plant (Opuntia ficus indica): Grams. 
LXE] CE Oe Foyt eee ee eae 648.4 | Balanced and adjusted to zero. 
IDGTR SDB) A 1th 5 a, ee 648.1 | Plant down; readjusted to zero. 
TDG] oa TE 504 0) 980 eeses se eee UN ge oN 646. 1 Do. 
Bic peel Sh Ou ep neste ee ocean eo aya aretew fo hee aici 644.8 Do. 
LEME) OT TUDES a 6 Se i 644. 6 Do. 
IDG) Gs MD Clore Sec pa nc eer oe eee ee 644. 4 Do. 
Gow IG CDG, itl Coe a Se oe a eae Caer eee 644.3 Do. 
IDES UG, Gy Oe SoA Se oe See eae oe a 643.9 | Balanced, no change. 
TNE eI Gs Chee ee cs Sees I eI eae al te tt 643.7 Do. 
He Des Se DIOS IS Sete etre oe Son Gece nee at es 643.55 | Plant up; readjusted to zero. 
CTs 2O Soup spleen eee eee Sees es eee I 642. 85 Do. 
Lemon plant (Citrus limonum): 
IWECE SH Sears we oon one nn sae ascincemew ewes 579.41 | Adjusted to zero (Citrus limonum). 
DYE (ys (5) ] 0G 1001S pee a tee ee as ee eae ee a ee ee 574.50 | Plant down; readjusted to zero. 
DEORE OID bet esata Saas cease este ce case ee 073.55 Do. 
ID CCAR Foe dese cies oe aie oe cc sec nndiwcis ocihen nee 570. 85 Do 
DEE. OM UD eee een. ae oye meets Nese csee Al cee oe 568. 20 Do 
CEO oi eee ne seen ae DeSean ances 565. 83 Do 
LIE EPA Gig L100 15 2 Sa ae 559. 85 Do 
1D Be TBS ang 2 elation ane a Pee 507.75 Do 
LDR TEE 9 a 50 Oe a a 553. 40 Do 
LDPE Tp TU ati ak elas ie a ae eee eg eee ene a eee 549. 54 Do. 
HCG BPO Dapp lae re See Gen Sey 545.77 | Balanced. 
IDeER20 Ponerinae en coe tt cn BL OS 544.16 | Plant up; readjusted to zero. 
UE Coal ESO as a Ee ee 542.56 | Plant up; wilting. 
DEG LAE GN Oh keg ae 28 A I ee ere ne ee 541.95 | Plant up; wilted. 
DCC 2S WATS eter Aawe snes cieee cs So Sse ce ereene Ss 539.50 | Plant up; lower leaves drying. 
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Reference to the weighings in Table XV will show a continuous 
loss of water, decreasing somewhat at the time the system reverses 
its direction of motion. While this loss of water is taking place the soil 
end of the system at first rises continuously; then the system remains 
balanced for a short time, and finally the plant end of the system 
rises. It will be noted that the wilting of the lemon plant followed 
immediately after the change of direction of motion of the system. 

In Table XV is given a series of observations on three balanced 
systems (Pl. I, fig. 1), two plants being grown in each system, as fol- 
lows: (1) Cactus and squash, (2) cactus and wheat, and (3) olive and 
wheat. The cactus is capable of losing a relatively large amount of 
water without giving visible evidence of loss, while the leaves of the 
olive will dry and become brittle without wilting or rolling. These 
two plants form typical examples of cases where it is necessary to 
resort to a balancing method in order to determine the wilting 
coefficient. 


TABLE XVI.—Observations with three balanced systems containing three pairs of plants. 


| 
Plants and time of observation.| Weight. Notes. 
| 


Cactus and squash plants: 2 | 
Octel, Qian meas essere | seen Balanced and adjusted to zero. 
Plant down; readjusted to zero. 


OCtss Olas Msn eicc soos 518.2 | Plant up; squash wilted. Rewatered October 4; the squash 
growing and in good condition. 
Oct 11; 5:30 Poin. cence 528.9 | Balanced and adjusted to zero. 
Oct 0255-30 pads - =.= 525.7 | Plants down; readjusted to zero. 
ORIBS Bins tilse sanecnosce 523.0 Do. 
Oct 147/5.30 pomass = -.5-—- 520.9 Do. 
Oct155/5:30sp. mM ==2 5-25. =- 519.3 | Balanced. 
OCHO. Pm ate eceesee- 518.0 | Plants up; squash wilting; readjusted. 
OcthiaWiGA2 mae acoso sco 516.8 | Plants up; squash wilted. Squash cut off, resealed, and cor- 
rections made for change in weight. 
OCtAG TS pi ee cic a oes 516.3 | Plants up; readjusted to zero. 
Oct 180 emine sae sce ee 516.0 Do. 
Oct105 Siamese acess sees 515.9 Do. 
Cactus and Kubanka wheat 
plants 
UNG ops bs 55] 0) 20 eee ese 772.2 | System balanced. 
Hep s205 dips see eee eee eae 768.9 | Plants down; readjusted to zero. 
Heb 2k amass cee 763.5 Do. 
Heb 2274p a eee eee 762. 7 Do. 
Heby2as4 p.m ase eee 758. 8 Do. 
Heb. 245/5:30: pam see. aces 754.3 Do. 
Heb. 2o)4psmeo asa 750.0 Do. 
Hebs2/, 4: pide aes cane 744.95 | Plants balanced. 
Mebazes4-s0\pam oases ae aoe 743.1 | Plants up; wheat rolled and wilted. 
Maret Ols0 aan eee econ): 742.5 Do. 
BRB SEs Ne eae seeeaaS 741.1 Do. 
Olive and Kubanka wheat 
plants: 
ING) DZ Gia ee oa Gaaeacdae 520.2 | Balanced and adjusted to zero. 
Were Uap wile Saeeseaece 517.62 | Plants down; readjusted to zero. 
Marl 4°30) pads os oce sae 511.15 Donne 
Mara 259:30ia sila a ss ae 507.9 Do. 
Mar 2 ol bp alee ae 501.6 Do. 
Mars 3 sl Olaamneee ase se 499.5 Do. 
Mars35 5:30 editece psoas 494.6 Do. 
Mar 4 dip dene aos ees 491.25 Do. 
Mars}, i2imietces cecneee 490.4 | Balanced. 
Mari6: Oia anes see ee 488.0 | Balanced; wheat wilting. 
Mar./6; 4:30:p: Me ose 487.0 Do. 
Mar. 79:30; eee 486.5 | Plant up; wheat wilting. 
Mara 85l0lasm sn as eee eee 485.8 Do. 


vy 


Referring to the record of observations with the cactus and the 
squash, it will be seen that the reversal of the direction of the motion 


230 


CAUSES OF VARIATION IN DETERMINATIONS. 58 


of the system accompanied the wilting of the indicator plant. This 
is not due to the loss of water from the indicator plants alone, for 
the record shows that a steady loss of water took place from the soil 
from October 11 to October 14. On October 15, however, the 
system was found balanced. On October 16 the plant end of the 
system was up, indicating the loss of water from the plant tissues, 
and the squash was found wilting. The squash was cut off below the 
wax and the pot resealed, weighed, and again balanced on October 17. 
After five hours the plant end of the system was again up, showing 
the simultaneous loss of water from the growing tissues of the cactus. 
In other words, the cactus loses water from its storage tissues at the 
time the squash plants wilt, which means that the cactus is initially 
no more effective than the squash in reducing the moisture content 
ofthesoil. Thetwo plants therefore have the same wilting coefficient. 
Precisely similar results were obtained for cactus and Kubanka 
wheat, and with the olive and wheat. The results afford no ground for 
believing that either the cactus or the olive can reduce the moisture 
content of the soil below the point at which other plants wilt without 
simultaneously reducing the water content of its aerial tissues. 


CAUSES OF VARIATION IN WILTING-COEFFICIENT 
DETERMINATIONS. 

In making determinations of the wilting coefficent, variations of 
ereater or less magnitude occur. These variations are found even 
though a single strain is used as an indicator, and when individual varia- 
tion is minimized by growing five plants or more of the same strain in 
each pot. The causes for such variation may be treated under two 
headings: (1) Causes for determinations having a value less than 
normal and (2) causes for determinations having a value greater 
than normal. 


CAUSES FOR DETERMINATIONS HAVING A VALUE LESS THAN NORMAL. 


This condition is generally due to direct evaporation from the 
soil. It is evident that the moisture evaporated directly into the 
air may reduce the moisture content of the soil on the surface or 
outer portions of the soil mass far below that to which it could be 
reduced by the plant at the time of wilting. In our experiments 
this source of error has been avoided by using impervious pots and a 
wax seal. In the experiments of earlier investigators, however, 
this must have been a constant source of error. In field determina- 
tions this constitutes an almost insurmountable source of error or 
uncertainty, since it is difficult to determine to what extent direct 
loss of water from the soil has continued in the upper layers while 
the plant was drawing upon some deeper source of moisture. 
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Another cause of low determinations is found in allowing plants to 
stand too long after they have reached a wilted condition. As has 
been shown, plants continue to extract moisture from the soil even 
after they have reached a wilted state, and this loss continues even 
after the death of the plant. It is evident, therefore, that if a plant 
is allowed to stand for any considerable period after it has once 
reached a permanently wilted condition the determination of soil 
moisture will be below the true wilting coefficient. This is a source of 
considerable error, especially with plants which do not wilt readily. 
An example of such plants is the olive, which, if one were to rely 
entirely upon the outward signs, would reduce the moisture in the 
soil far below the wilting coefficient. It is very easy to demonstrate 
by means of the balancing method that in such cases the plant has 
long since passed the point corresponding to the wilting coefficient, 
i. e., the point of permanent decrease of the water content of the 
leaf cells. The determination at the time the leaves curl or drop 
is not a true measure of the wilting coefficient, but of the moisture 
content at some point between the wilting coefficient and the hygro- 
scopic coefficient of the soil. It is therefore essential in making these 
determinations that considerable care be exercised in avoiding the 
excessive wilting of the plants used. 

A third source of error results from the distillation of water from 
one portion of the soil mass to another. The pot standing in the open 
becomes warm during the day. During the early evening, when the 
air cools below the temperature of the soil, rapid distillation of water 
takes place and the water is driven out of the warmer soil and con- 
denses on the sides of the pot, which are cooler than the soil. This 
distillation can be observed even in a comparatively drysoil, and plants 
which are allowed to stand in pots exposed to this temperature 
fluctuation develop an extensive surface root system. This distilla- 
tion taking place in the ordinary greenhouse once or twice a day is 
sufficient to maintain the plants in fairly good condition long after 
the soil has been reduced below the wilting coefficient. In early 
experiments this distillation was found to be a serious source of error. 
In the later experiments this error has been avoided by means of the 
constant-temperature bath. 

With the precautions which have been employed the errors due to 
obtaining too low a wilting-coefficient determination are compara- 
tively slight, and it has been possible to eliminate practically all of 
the errors under this head. It seems likely, however, that the early 
investigators who concluded that there were comparatively great 
differences in the ability of different plants to remove moisture from 
the soil were largely misled as a result of the errors which have been 
noted above 
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CAUSES FOR DETERMINATIONS HAVING A VALUE GREATER THAN 
NORMAL. 


The errors under this heading are far more serious than those under 
the heading just discussed and are more difficult to eliminate entirely. 
One source of error is in assuming that a temporarily wilted condition 
is the permanently wilted condition. A temporarily wilted condition 
generally results from a rapid increase in the saturation deficit com- 
bined with an increase in temperature and light intensity, which 
result in greatly increasing the transpiration of the plant. Many 
plants, such as tobacco and corn, normally show temporary wilting 
during the hot part of the day, and the same is observed in many 
different plants if the conditions are sufficiently severe. This source 
of error may be avoided by placing the wilted plants under a bell jar 
in a comparatively saturated atmosphere. If they fail to recover, 
the wilted condition may be regarded as permanent. If, however, 
they soon resume their normal condition the wilting has been merely 
temporary. Such temporary wilting has not been encountered very 
generally in our experiments. Plants grown under ordinary green- 
house conditions seldom show temporary wilting, and by a little care 
in maintaining equable conditions the difficulty can be entirely 
avoided. As we have shown above, the degree of humidity or of light 
intensity does not appear to affect the wilting coefficient so long as 
conditions are uniform, but a sudden increase in temperature, light 
intensity, and saturation deficit often brings about a suddentemporary 
wilting which may lead to error. 

Occasionally a pathological condition is encountered, the plant 
roots or even the top being affected by some parasite, causing the 
plant to wilt as if the water supply were inadequate. Such abnormal 
conditions can be detected easily by an examination of the plants at 
the time the sample is taken. If it is evident that the plant is in a 
diseased condition moisture samples should not be taken. 

The third and greatest cause of uncertainty in the determination of 
the wilting coefficient is found in imperfect root distribution. The 
results of the experiments herein recorded indicate that to a very 
ereat extent the variations in the wilting coefficient for different 
plants are dependent upon the degree to which the roots of the plants 
penetrate every portion of the soil mass. An ideal determination of 
the wilting coefficient would be one in which every portion of the soil 
was brought into contact with the plant roots. This ideal condition 
isneverreached. Some plants, particularly the grasses, when planted 
in a pot approach this condition more nearly than any others tried, 
and with these forms a lower wilting-coefficient determination was 
obtained. Other plants, especially those having large, coarse roots 
and which develop few rootlets, give a correspondingly high wilting 
coefficient. 
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The highest determination recorded probably accompanies a root 
distribution such that the water must move through relatively long 
distances in the soil by capillary action. The lowest determination 
will be reached only when the root distribution is perfect. It is 
obvious that in all measurements of the wilting coefficient variations 
may be found anywhere between these two conditions as limits. 

The tables show that plants having finely divided roots give uni- 
formly a lower determination than those with larger roots, irrespec- 
tive of whether they grow normally in arid or humid regions (Table 
XII). An effort has been made to secure a condition of uniformity 
in the root distribution by using a small pot and by keeping the roots 
well within the soil mass as a result of the equalized temperature; but 
with some plants, notably the dasheen (Colocasia sp.), as well as some 
of the larger rooted western plants which have given a rather imper- 
fect root distribution, a wilting-coefficient determination somewhat 
higher than normal has been obtained. 

As already stated, it is believed that the differences observed in 
the wilting coefficient for different plants are largely due, not to the 
ability of one variety to exert a greater pull on the soil moisture than 
another variety, but to the more perfect root distribution of one vari- 
ety as compared with another. i 


INDIRECT METHODS OF DETERMINING THE WILTING COEF- 
FICIENT.! 


In field studies of soil moisture, determinations of the total water 
content can easily be made. The errors which enter into the deter- 
mination of the wilting coefficient under field conditions are relatively 
great, owing to the direct evaporation from the soil, local variation in 
soil texture, and lack of uniformity in the root distribution, combined 
with the difficulty of determining the exact wilting point when the roots 
occupy a large soil mass. Furthermore, it is only during periods of 
extreme drought that conditions are favorable for wilting-coefficient 
determinations in the field. In view of these difficulties it becomes 
important to ascertain whether the soil-moisture content at the wilting 
point can be determined by an indirect method, based upon the rela- 
tionship of the wilting coefficient to the moisture retentiveness of the 
soil as measured by physical methods. 


RELATION OF THE WILTING COEFFICIENT TO THE MOISTURE EQUIV- 
ALENT. 


The moisture equivalent of the soil is the percentage of water 
which it can retain in opposition to a centrifugal force 1,000 times 
that of gravity.?, In making the determinations the soils are placed 

| 1Kubanka wheat, G. I. 1440, was used as the indicator plant. 


2 Briggs, L. J., and McLane, J. W. The Moisture Equivalents of Soils. Bulletin 45, Bureau of Soils, 
U.S. Dept. of Agriculture, 1907. 
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in perforated cups and moistened with an amount of water in excess 
of the quantity they can hold in opposition to the centrifugal force. 
After standing 24 hours the cups are placed in a centrifugal machine 
which is operated at a constant speed so chosen as to exert a force 1,000 
times that of gravity upon the soil moisture. Each soil then rapidly 
loses water until the capillary forces are increased sufficiently to estab- 
lish equilibrium with the centrifugal force employed. The moisture 
content of each soil is now not only in equilibrium with a force 1,000 
times that of gravity, but is also in capillary equilibrium with every 
other soil which has been similarly treated, so that if the soils are 
placed in capillary contact in any combination whatever, no move- 
ment of water from one soil to another will occur. The moisture con- 
tent of each soil under these conditions is the moisture equivalent of 
that soil. This method provides a means of determining and com- 
paring the retentiveness of different soils for moisture when acted 
upon by a definite force, which is measured in absolute terms and is 
reproducible within narrow limits. 

Table XVII gives a comparison of the wilting coefficient and the 
moisture equivalent for a series of soils ranging in texture from a 
coarse sand to a clay. The names applied to the soils have been 
determined from the mechanical analyses in accordance with the 
soil-classification table used by the Bureau of Soils.t. The soils are 
arranged in the order of increasing moisture equivalents. For the 
moisture-equivalent determinations the writers are indebted to Mr. 
J.W.McLane. All moisture determinations are expressed as percent- 
ages of the dry weight of the soil used. 


TaBLE XVII.—Relation of the wilting coefficient to the moisture equivalent of soils 
ranging from sand to clay. 


Coefficient. 


Ratio of 
Moisture|__—~+7|SS~—S*&Y«C2o'sturre 
Soil. Types of soil. equiva- | Number Tone ta 
lent. | of deter-| 4 Jo15 oe 
Rae |e ge.| coeffi- 
tions. cient. 
WERO@ORISG SAH Gan eeiseioes ao ome so een cas nace seceeecesscceeces 1.6 11 0.9 17 
2| Fine sane BS ar Scie eo cine ae Se bee S tose Seeman sciee 4.7 16 2.6 1.81 
Bp ea Oa a Penns sawin Poca sane aceaeccssneeseteencs 5.5 3 Bh: 1. 67 
i eto FE Se ee eae oe restrain tects tt ces deceeet elas 6.7 2 3.6 1.86 
el | PSEAENS re) (Oke AAA aes eae rn 9.7 9 4.8 2.02 
IOE Sse: AUS Gab bSt Gee Sec DoS SORE AEE ne eS nen es ak ree 11.9 3 6.3 1.89 
APOE SHE SAN GY GAM See sos Se So aos nin onic ncoaciew smoet 18.1 13 9.7 1.87 
12 TAP 8 ie = ite ES Ee RO Seat ee eee eae 18.9 3 10.3 1.83 
J | ASETETG ST] ORY Tee ee ie eee 19.6 1 9.9 1.98 
B | Fine aay MOAR Se AS eee! oases DLS Se Tee ea 19.9 1 10.8 1.84 
Cs Oe ae eee nena cea het essa macouieesjsione 22.4 1 11.6 1.90 
5 pee Se GUE Oe ee ee ee eaten oe 25.0 12 13.9 1.80 
1995) es 1 (TES 5 3, SERS eae Ne ee a ec eee rere 27.0 1 15.2 1.78 
PIC iva Onna wer rks Shs 2 Si ae eon Sas aes nese bees 27.4 2 14.6 1.88 
12 pee CE (De a gs Soe ee Oe Sa Se ret, 29.3 4 16.2 1.81 
Og eee DOE ears PE aires 2 ela aia eis oh = aclecisia ope caidas 30.0 1 16.5 1.82 
Gil ass: Oe atee isa ea eee cle pais ee cutee mae Lie eels Poe 2 bee el 16. eee 1.85 
LETS se Re lie So a a ts ae 2 (ee (eee iesne ee meer ae 1.84 
Probable PEFORORMCaI Ec Sane ae eae Seem eee 2c he ce SS abe So ee + .013 


1 Soil Survey Field Book, Bureau of Soils, U. S. Dept. of Agriculture, 1906, pp. 17-18. 
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The moisture-equivalent determinations given in the table repre- 
sent in each case the mean of two determinations. The number of 
wilting-coefficient determinations made upon each soil is shown in 
column 4, and the mean of these determinations is given in column 
5. The last column gives the ratio of the moisture equivalent to the 
wilting coefficient for each soil. 

The table shows that the soils used in the comparison cover a wide 
range in moisture retentiveness, the moisture equivalent increasing 
from 1.6 per cent in sand to over 30 per cent in the clay loam, while 
the wilting coefficient ranges from 0.9 per cent in sand to 16.5 per 
cent in the clay loam. The mean ratio of the moisture equivalent 
to the wilting coefficient for all the soils examined is 1.84. The prob- 
able error of this mean is +0.013; that is to say, considering the 
series to be representative of soils as a whole, the chances are even 
that if a similar series of determinations were made the mean of 
the ratios would fall between 1.827 and 1.853. 

It will be noted that the greatest departures in the ratios are found 
among the sandier soils. This is due to the fact that a slight experi- 
mental error in determining either the moisture equivalent or the 
wilting coefficient affects the ratio markedly, owing to the small 
percentages of moisture retained by these soils. 

The significant feature of the results here presented is the fact that 
through the wide range of moisture retentiveness exhibited by the 
soils employed, the ratio of the moisture equivalent to the wilting 
coefficient appears to be constant within the limits of experimental 
error. In other words, two determinations of the moisture reten- 
tiveness of these soils, one physical and the other physiological, show 
a linear relationship which is Independent of the texture of the soil. 
This relationship is expressed by the following formula: 


Moisture equivalent 
1.84+0.013 


= wilting coefficient. 


In order to compare the moisture available for growth in one soil 
with that in another, we must know or be able to estimate accurately 
the wilting coefficient of each soil. The minimum limit of moisture 
available for growth is the datum line from which all comparisons 
should be made. This datum can be established directly by wilting- 
coefficient measurements, or it may be calculated by means of the 
ratio just established. The latter method is by far the simpler and 
more expedient for field work. The soil sample taken in the field 
for soil-moisture determination, although ample for duplicate meas- 
urements of the moisture equivalent, is usually not large enough for 
a single wilting-coefficient determination. Moreover, the period of 
time required for wilting-coefficient determinations, combined with 
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the uncertainty which accompanies all physiological work when du- 
plication is impossible, makes this determination less expedient, and 
the results in such cases less reliable than those derived from the 
moisture equivalent by the use of the ratio here established. 


ADDITIONAL DATA ON THE RELATION OF THE WILTING COEFFICIENT 
TO THE MOISTURE EQUIVALENT. 


At the time of making the experiments the results of which are 
given in Table XVII, a clay loam having a moisture equivalent of about 
30 per cent was the heaviest type of soil that was available. After 
developing the relationship between the moisture equivalent and the 
wilting coefficient, it was desired to determine whether this relation- 
ship held also for very heavy soils. Accordingly, a similar series of 
determinations was made with clay soils from near Bellefourche, 
S. Dak., which are derived from the Pierre shale and include the 
heaviest soils which we have seen. The results of these determina- 
tions are given in Table XVIII. The moisture equivalents of these 
samples range from 32 to 57 per cent, while the wilting coefficients 
range from about 17 to nearly 31 per cent. In other words, plants 
wilt in the heaviest types when the soil-moisture content is over 
30 per cent, showing the remarkable moisture retentiveness of these 
souls as compared with dune sand, in which the wilting coefficient 
is less than 1 per cent. 


TaBLE XVIII.—Relation of the wilting coefficient to the moisture equivalent of heavy 
clay soils from Bellefourche, S. Dak. 


| Coefficient. 


Ratio of 
: Moisture Nl moisture 
Sou equivalent.| Number | covalent 
of ope Mean. coefficient. 
yee or oe ees Rea ne maya | A ie ee ee ole Ged 31.9 3 16.8 1.89 
@) 5 BASS AG HED o Loose Se SS ane ORES eee seer 40.2 2 22.2 1.82 
TE ey ees ae es er ag Ee IE Oe oSciclsluiewiadje seine 43.5 3 23.3 1.86 
ene ieee Pay ARV Cran Se oo seks ke 44.9 2 24.2 1.85 
Re ee ES eae SS ae a Rea 45.7 3 25.9 1.78 
"Webi aes Eos es oR eg ae a 48.8 3 | 25.7 1.90 
Veer ne meet nee Wa Unnat S P 2 SC ee kk ele 52.4 3 | 27.4 1.91 
VA Se SRS CHS Se See ata a SENT a a aoe ee 56.2 3 | 30.4 1. 84 
Ke SERS E SOS BE Sete ee eet 57.0 3) | 30.9 1. 84 
ieee one erye ne otter eee eee ey Ee ek ee eer Gh neces (Mt eh A eRe Ae apn 1.85 
TESOL OE ONE OPE ONT FOES I AE Sa es oe Se RIN LS II ey ec | Seay sete ce eraagene = ..02 


The mean ratio of the moisture equivalent to the wilting coefficient 
for these heavy types of soil was 1.85, with a probable error of +0.02. 
The mean ratio agrees, then, within its probable error, with the result 
given in Table XVII. In other words, the relationship established 
from the determinations given in that table holds also for the heaviest 
soil types. 
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The wilting-coefficient determinations given in Tables XI and 
XIII also provide an opportunity for testing this relationship. 
For this purpose use is made of the mean wilting coefficient as deter- 
mined from ali the plants tested in each soil, which is given at the 
end of the measurement for each soil in Table XI (except No. 30, 
which is given in Table XIII). For convenient reference, these 
mean wilting coefficients have been collected in Table XIX, to- 
gether with the moisture equivalent for each sample, and the ratio 
determined as before. The mean value of all the ratios is 1.85, 
with a probable error of +0.02. This ratio also agrees, within the 
probable error, with the mean ratio obtained from the results in 
Table XVII. In the results given in Tables XVII and XVIII, 
Kubanka wheat alone was used as an indicator plant. From the 
results given in Table XIX, it is seen that the same ratio between the 
moisture equivalent and the wilting coefficient is obtained when many 
different plants are used as indicators. This resuit accords with the 
idea already advanced that the difference resulting from using differ- 
ent varieties or different crops as indicator plants is slight. The 
agreement obtained through a wide range of soils and with different 
plants as indicators leads to the belief that the relationship given is 
quite general in its application and sufficiently accurate to meet field 
requirements in determining the wilting coefficient. 


TaBLE XIX.—Ratio of the moisture equivalent of the soils covered by Tables XI and 
XIII to the mean wilting-coefficient determinations of those soils. 


Wilting coefficient. 3 

Hatio of 

s Moisture moisture 
Soil. Types of soil. equivalent.| Number of ode ale 

determina-| Mean. ont : 

tions. ele 

ts HO OATSC SAN Gey See = aero poe ig ae eee ate 1.55 11 0. 86 Heal 
(eeeee GOR ee Se SUS A see ee ee eee 1.55 59 1.03 TES 
SVs PARSE HBX cceene oot aU lie eae toe gs LU etre orl ye seas 2. 48 8 123 2.01 
Pata Wiel Ya WAY SNESPEN A Lp ect pe ee a eh Ya ARIA Ns 4. 66 18 2.6 1.79 
Saleae cs COS RASS orca Seen Re rt I reer OM 5.5 42 3. 03 1.82 
OR aera CLO ie Sa rte GS Lie 2 es Eo 6. 74 44 3. 76 1.79 
SOM Samy loa mess oe ce ee ea sant aU ee Diba sete ee ee ee I Dy re aca 15 Ley pial ease eS 
Sula CLO Sate Ere Na NE Rear Pee eae 9.7 14 4.8 2. 02 
TO) eae LO Se Ore REI Re ag ieee pcre ee ones ee 12.0 45 6.3 1.91 
SAH lees C0 (0 ye ar tg ele Me eRe ee Sie oA FOTN A ek 14.5 11 7.8 1.86 
AM HIN GSA yelOa Ts een ae te eee eee eee 18.1 36 9.3 1.95 
a0) Noseee 0 Ko SA See anda A cee A ene! POL AA a lape re her ae 18.5 418 9.7 1.91 
26a ari dy: loam eae saeco sene ceat Suen een 18.6 64 8. 84 2.10 
VIA RPI Dope ia ahh renee Be ae GUE a ae ee eet IG eel 18.9 45 10. 4 1.82 
SOs pC laywOam nee Shenae Cece Mens ao eee ea eee 23.3 9 13.4 1.74 
fC Sed | OTT he Sa os Sec ics 2 are ee een ee are 23.8 34 12.7 1.87 
Bal eeets LO eat aan resent ease Sra wna 25.0 13 13.9 1.80 
TSC ays lOam cee ey i ie 8 ee ela 27.4 55 14.8 1.85 
TE A See LO aes ats at Ree ae tay nk RP Ga) eels ASO ae 29.3 33 iG isvAl 
6 (0005 SA a rest ee Ta rn ene 30.2 16 16.3 1.85 
IMG ATT Se eis Seale el a rat i fa ota SS ee rete ee cee ace en Lee p 1.85 
Probabie GEROLIOT MOAN aisle & oostte ciao ioe eee ee eee e eee eee eee eee + .02 


The results given in Tables XVII and XVIII are combined 
graphically in figure 7, in which the wilting coefficients are given 
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as ordinates and the corresponding moisture equivalents as abscissas. 
The graph is a straight line passing through the origin, and the slope 
is the reciprocal of 1.84. 


APPLICATION OF INDIRECT WILTING-COEFFICIENT DETERMINATIONS 
TO THE INTERPRETATION OF FIELD MOISTURE DETERMINATIONS. 


The value of the wilting coefficient as calculated from the moisture 
equivalents is shown in connection with the following field deter- 
minations of soil moisture made at Akron, Colo., in 1910.1 

The data presented graphically in figure 8 represent daily moisture 
determinations in 1-foot sections to a depth of 6 feet in a soil in which 
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Fig. 7.—Chart showing the linear relationship between the wilting coefficient and the moisture equivalent 
for 28 types of soil ranging in texture from coarse sands to the heaviest clays. 


Kubanka wheat, G. I. 1440, was growing. The determinations are 
of special interest, owing to the fact that the total rainfall during the 
seven weeks represented in the chart was only 1.09 inches and was 
distributed in five showers, as follows: June 25, 0.31 inch; June 30, 
0.05 inch; July 2, 0.30 inch; July 5, 0.38 inch; July 22, 0.05 inch. 
Total, 1.09 inches. None of these rains penetrated beneath the 
layer of air-dried surface soil. The rainfall during the whole period 
can, then, be eliminated so far as itssinfluence upon the available 
moisture is concerned. 

The following field notes show the stage of development and con- 
dition of the crops during this period: 

June 9. Sampling started; average height of leaves at this time, when extended 
8 inches; average dry weight per stem, 0.6 gram. 

June 21. Very dry; plants not wilted but color seems lighter; awns just coming 


through; lower leaves and small plants drying up rapidly. 
June 24. Heads just out of the boot. 


1 See also Shantz, H.L. Natural Vegetation as an Indicator of the Capabilities of Land for Crop Pro- 
duction in the Great Plains Area. Bulletin 201, Bureau of Plant Industry, U.S. Dept. of Agriculture, 
1911, pp. 30-33. 
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Fic. 8.—Chart showing the daily moisture determinations in 1-foot sec- 
tions to a depth of 6 feet in a soilon which Kubanka wheat was grow- 
ing. The heavy horizontal straight lines on the chart represent the wilt- 
ing coefficient as calculated from the moisture equivalent independently 
of the moisture determinations or of field observations. The wheat 
wilted on July 1 and was cut July 22. The graphs show that the mois- 
ture curves are either coincident with or below the wilting coefficient on 
July 1, indicating that there was no longer moisture available for growth. 
The continuous loss of water from the soil after wilting takes place is 
also shown. 


230 


June 26. Wheat well 
headed; just about to 
wilt. 

June 27. In good con- 
dition. 

Note.—Weather cool 
and cloudy during June 
26, 27, and 28. 

July 1. Beginning to 
wilt. 

July 4. Almost ee 

July 7. Almost dead. 

July 8. About two- 
thirds of the stem is 
dry. 

July 9. Leaves nearly 
all dead. 

July 10. No evidence 
that the plants are get- 
ting water. 

July 11. Very dry. 

July 19. Extremely 
dry. 

July 22. Dead ripe; 
harvested. 


The heavy hori- 
zontal straight line 
shown in connec- 
tion with the deter- 
minations for each 
foot-section repre- 
sents the calculated 
value of the wilting 
coefficient. This 
value was calcu- 
lated by means 
of the relationship 
already established 
from moisture- 
equivalent  deter- 
minations made 
upon a composite 
of all the samples 
taken in that sec- 
tion. It is thus 
entirely independ- 
ent of any direct 
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observations of the wilting of the crop. A study of the moisture 
curve shows that the moisture in the first foot was reduced to the 
wilting coefficient on June 16; and in the second foot on June 23. 
At this time the field notes show that the plants were beginning 
to suffer from lack of moisture. The larger plants were apparently 
drawing their principal moisture supply from the third foot. The 
smaller plants with more restricted root systems were confined to 
soil masses whose water content had been reduced below the wilting 
coefficient. 

The plants continued to show evidence of lack of sufficient moisture 
until June 27, although wilting did not actually occur. On this date 
a decided improvement in their condition was noted, due to cool, 
cloudy weather for three successive days and to the fact that the 
root systems were beginning to extract moisture from the fourth 
foot. Hot dry weather followed, and by July 1 the crop was beginning 
to wilt. It is significant that at this time all of the moisture curves 
are either practically coincident with or below the line representing 
the calculated wilting coefficient. In other words, the wilting of 
the plants occurred simultaneously with the exhaustion of the soil 
moisture available for growth, as calculated in a wholly independent 
way from the moisture-equivalent determinations. 

After July 1 the crop never recovered and from this time gradually 
dried and ripened. However, the curves show that the loss of water 
from the 4 feet of soil through which the roots had penetrated con- 
tinued even after the plants had died. 

The data presented show clearly that the wilting coefficient de- 
termined indirectly in the laboratory is applicable to field conditions 
and that by the use of the ratio already established it is possible to 
estimate with sufficient accuracy for field purposes the moisture 
content at which plants growing under field conditions will become 
permanently wilted. A study of the moisture curves also shows 
that it is practically impossible to measure the wilting coefficient by 
means of field samples. There is no way of determining in an un- 
confined soil mass the zone from which the plant draws its moisture 
supply at the time of wilting. The upper soil mass is usually reduced 
below the wilting coefficient long before wilting actually takes place; 
while, if the samples are taken from the extreme limit of the root 
system, soil masses which have not been penetrated may contain 
moisture in excess of the wilting coefficient. Moreover, comparisons 
of field determinations of the wilting coefficient of two plants have 
no significance whatever unless the relative moisture retentiveness 
of the two soil samples has been independently determined. This is 
well illustrated in the chart, the wilting coefficient ranging from 
13.5 to 7.5 per cent in the different foot-sections. In other words, 
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the third foot-section with 13.5 per cent of water is reduced to its 
wilting coefficient, while if the sixth foot-section had 13.5 per cent 
of water it would contain 6 per cent of water available for growth. 


~OTHER INDIRECT MEASUREMENTS OF THE WILTING COEFFICIENT. 


The relationship established between the wilting coefficient and 
the moisture equivalent led to the belief that-a similar relationship 
might be found for some of the other physical measurements of 
soil-moisture retentivity. Accordingly similar comparisons were 
made of the wilting coefficient with the hygroscopic coefficient, the 
moisture-holding capacity, and the soil texture, as expressed by 
mechanical analysis. The last-mentioned determination does not 
measure moisture retentivity, but it does measure certain properties of 
the soil which determine the moisture retentivity to a large extent. 
The results of those comparisons will now be considered. 


RELATION OF THE WILTING COEFFICIENT TO THE HYGROSCOPIC COEFFICIENT. 


When a dry soil is placed in a saturated atmosphere it will absorb 
water vapor until a condition of approximate equilibrium is attained. 
The moisture content of a soil under such conditions is known as the 
hygroscopic coefficient of that soil. 

The determination of the hygroscopic coefficient, unless carried 
out with special precautions, is not very exact. It is influenced by 
variation in temperature and by any departure from a condition of 
complete saturation of the surrounding air. The time element is 
also an important factor, since the soil absorbs water very slowly, 
particularly near the point of equilibrium. In fact, equilibrium, 
theoretically, would not be obtained until the interstitial spaces 
of the soil were practically filled with water. The method thus has 
certain inherent disadvantages which are not encountered in moisture- 
equivalent determinations. The hygroscopic-moisture determina- 
tions given in this paper were carried out in a double-walled ice chest 
kept in a subterranean room, where the temperature was approxi- 
mately 20° C.2. The bottom of the chest was covered with water and 
the zinc walls were lined with blotting paper, which was kept 
saturated. 

A comparison of the hygroscopic coefficient and the wilting 
coefficient for a number of soils is given in Table XX. The soils 
used are the same as those employed in the preceding experiments, 
being arranged in the order of increasing moisture equivalents. 


1 Hilgard, E. W. Soils, New York, 1906, p. 196. 2 Determinations by Mr. J. W. McLane. 
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TaBLE XX.—Relation of the wilting coefficient to the hygroscopic coefficient of soils 
ranging from sand to clay. 


Wilting coefficient. Ratio of 
hygro- 
: : Hygro- scopic 

Soil. Types of soil. sheiont, | Number of coefficient 

coefficient. | “ determi- Average. | to wilting 

nations. coefficient. 
Mg WRCOBTSC SANG | ec oahance Bed nee se espe siciset cere 0.5 ii 0.9 0. 556 
ele Rarmetsan dei ese fess See MR ee eee ee) eke ee ak 155 16 2.6 Oud. 
Sy ese se 0 eS Be eta aCe O Rea aaneoe 2.3 3 3.3 . 698 
Ouhao¢ LOSS ee ee en eee Ee atoll sates a Mees ese 2.3 2 3.6 - 639 
a3 Sernchy erie 4 Sess- sésssacdl sgh senacouansonosse 3.5 9 4.8 . 729 
UM S55- Oe Soe ig PE SS ee ae sacine 4.4 3 6.3 - 699 
oN Pini Senne ly, Onin oA eee See eho scopeaceaconsc 6.5 13 9.7 . 670 
2g IRQ AIT cele rey ie oe oe esta e Sales = saiclase ose 7.8 3 10.3 - 757 
FAG Sata Ch yal QAI tera acess a ne eee rials eee 6.3 1 9.9 . 636 
Baer inesan@yPNOaM =. 2. 5222 2252 362 2 coe ses cee 6.6 1 10.8 -611 
, Ol baa CORE e ee amen e Meee aes enya oho at tee 78H) 1 11.6 - 646 
ail LIA Rte. . Mee SOs eee ee eee Roa taee See 9.8 12 13.9 . 705 
i Da ete GOES See se cane a he eee es Sees eae 9.6 1 15.2 . 631 
a ai Clonyal Omang See oe ta ie eh Se Se ce 11.8 2 14.6 . 808 
ike Ree Co NSA Be Rea S BENS GNN S AE AD ab eoee Cee Sees 13.2 4 16.2 - 815 
iH, |= = = OU Sees es Sars Basie sei eosin sees we eRe Se 11.2 1 16.5 - 679 
Gi ease (0 a es Sti a Rea a ei pee ey a ye ek eas oe 11.4 16 16.3 . 700 
SU REE ae sco li Re Pe a ee ah pe ula RS RS oe Sia 680 


The hygroscopic determinations given in the table are the mean 
of duplicate measurements. The determinations range from 0.5 per 
cent in sand to 13.2 per cent in clay loam. The corresponding 
wilting coefficients have been discussed in connection with Table 
XVII. | 

The ratio of the hygroscopic coefficient to the wilting coefficient 
is given for each soil in the last column of Table XX. The mean of 
this ratio is 0.68, with a probable error of +0.012. This ratio 
presents a second method of determining the wilting coefficient when 
the hygroscopic coefficient is known, as follows: 


Te = wilting coefficient. 


Heinrich + determined the nonavailable moisture in six types of 
soil, using corn and oats for indicator plants. He also measured the 
hygroscopic coefficient of each soil used in his experiments. Com- 
puted from his measurements, the mean ratio of the hygroscopic 
coefficient to the wilting coefficient, together with the probable error 
of the mean, gives the value 0.696+0.03, as compared with the ratio 
0.68+0.01 obtained from our experiments. While Heinrich’s deter- 
mination show more variation than our own, the ratio obtained from 
his results agrees within the limits of his probable error with the 

i Heinrich, R. Zweiter Bericht Uber die Verhdltnisse und Wirksamkeit der landwirtschaftlichen 
Versuchs-Stationen zu Rostock, 1894, pp. 28-32. 
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ratio obtained in our experiments. A single determination by 
Alway * in which barley plants were used gave a ratio of 0.65. 

In the absence of a more definite relationship between the wilting 
coefficient and the hygroscopic coefficient, Alway? has advocated 
deducting the hygroscopic coefficient from the field soil-moisture 
determinations as a basis for comparing the available moisture in 
soils. Our measurements, however, show that the wilting coefficient 
is about 1.47 times the hygroscopic coefficient, so that very mis- 
leading results may be obtained from this approximation, particu- 
larly when the moisture supply is limited. For example, consider 
two soils containing, respectively, 14.7 per cent and 20 per cent of 
water and each having a hygroscopic coefficient of 10 per cent. 
Under these conditions all the water in the first soil is practically 
nonavailable for growth, while the second contains over 5 per cent 
of available moisture. Simply deducting the hygroscopic coefficient 
would lead to the erroneous conclusion that both soils contained 
considerable moisture available for growth. 

It is important in this connection to distinguish clearly between 
the hygroscopic coefficient, as used above, and the hygroscopic 
water content, which is simply the water content of ‘‘air-dry”’ soil. 
The latter term has recently been used by Duggar* who, in discuss- 
ing Heinrich’s results as given by Cameron and Gallagher,‘ says: 

It will be noticed that so soon as the amount of water in ordinary soil becomes 

about three times the hygroscopic water content, it begins to assume physiological 
importance. 
The water content of air-dried soil may vary according to atmos- 
pheric conditions from practically zero in the case of some sun- 
dried desert soils to the hygroscopic coefficient when exposed in a 
saturated atmosphere. There is, consequently, nothing definite or 
reproducible about such determinations, unless the conditions under 
which the measurements were made are also known, and any ratio 
derived from such measurements is likely to give misleading results 
when applied to other determinations. 


RELATION OF THE WILTING COEFFICIENT TO THE SATURATION COEFFICIENT AND TO THE 
MOISTURE-HOLDING CAPACITY OF SOILS. 


The saturation water content or the saturation coefficient is the 
percentage of water held in the soil when all interstitial space is filled 


1 Alway, F.J. Some Soil Studiesin Dry-Land Regions. Bulletin 130 (Dry-Land Agriculture), Bureau 
of Plant Industry, U.S. Dept. of Agriculture, 1908, pp. 17-42. 

2 Alway, F. J. Studies of Soil Moisture in the Great Plains Region. Journal of Agricultural Science, 
vol. 2, 1908, p. 334. 

3 Duggar, B. M. Plant Physiology, 1911, pp. 56-57. 

4Cameron, F. K., and Gallagher, F. E. Bulletin 50, Bureau of Soils, U. S. Dept. of Agriculture, pp. 
57-58. An error occurs in Cameron and Gallagher’s paper in connection with Heinrich’s results. They 
give his determinations on air-dried soils, but state that these determinations were made after exposing 
the soils to a saturated atmosphere for a week. 
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with water. The moisture-holding capacity is the percentage of water 
a soil can retain in opposition to the force of gravity when free drain- 
age is provided. This is dependent on the height of the soil column 
employed, diminishing as the height of the column is increased.* 
When the soil column is made very short—for example, 1 centimeter 
in height—the two determinations are practically identical. Both 
are greatly influenced by the packing and the granulation of the soil, 
so that determinations are subject to wide variation in the hands of 
different observers. 

In Table XXI the wilting coefficients of a series of soils ? are com- 
pared with their moisture-holding capacity. Following Hilgard,* 
determinations of moisture-holding capacity were made with a soil 
column 1 centimeter in height, with free drainage. 


Taste XXI.—Relation of the wilting coefficient to the movsture-holding capacity of 
different soils. 


Ratio of 
: Moist Te “i 
: MOIS ure- Wilting 0 I g 
Soil. Types of soil. hokding ee capacit 
capacity. Coefficient. —21 en 
wilting 
coefficient. 
fe |} —_—— 
ffs WW COATSEYSATI Senet es AU SS cele A Bs hs ie 1 eS | 23.2 0.9 2. 44 
EET C ISAT) Bae soe a ke a ned lee eR ey IS SIS 29.9 2.6 3.40 
Spine OE 5B OES AAS cee ea leat a RE At a ae ea ate 28.5 3.3 PAPA | 
Oba COO EEE Rie aR BY ce EE PS ND APE ens ee ar a ee ae 31.4 3.6 2. 84 
Ba OANOysOAMe sai 24 & £2 RoR ey Sape e wee hee et Se ae 44.9 8.3 2.88 
Gales CEO iS ea eS Sn eee ve any eae ne 50.1 9.5 3.06 
ISU || Gia S oe eR a ie Ee ns 52 BATE eae Oo ee pee aome tose ieee 55.9 11.0 3.17 
ThA ees CB (OSS NR ing Rs A ene eee Er, A ee 58.6 11.6 3.24 
ay) ae Ls ee ee SE PI, ll BEE ie te PB CET RR 1 el ine 59.8 DAT 3.30 
SOF RC laygloniie Soe oe ee tek oan ae eee ees Meee 54. 2 13.8 2. 40 
iW ia aa LO ee ee este aT ey SRG he nS PL Bat Rar on a py 58. 2 14.7 2. 52 
4M | eee LQ eS 8c Ube a Me BRAN EE Ge 8, eee Mele feces Ga eye RO 63. 2 14.9 2. 83 
Me cee (8 Oo Sc CAS elle EIT ca eae RoR RT ea ne R A rey “eS 15.0 Suan 
ING |Eaeee CLO age pO I a HE ap Pre ote Slay, ee mee Rete gh Ry ta a eR 67.2 15.7 2.94 
(ON Rear hey ear ee ee a rr Ne I te a idles te RR Re | 69.5 16.7 2. 90 
(acai cana eG 

IN CES ae Bae oer 2 et Ie re ne Oe RE re Ie RTC a eee leap tn Ssosoeaeeods | 2.90 
Probableverror of mean ratio= = 52 -= S252 <s>55555 226... ee ee ne | RUSE SS) Dene + .06 


The moisture-holding capacity of the soils used in the comparison 
ranged from about 23 to about 71 per cent. In this case the ratio 
between the moisture-holding capacity and the wilting coefficient is 
not constant. However, an approximately constant relationship is 
obtained if the moisture-holding capacity (expressed as a percentage) 
is first reduced by 21. The ratio of the moisture-holding capacity 
less 21 to the wilting coefficient is shown in the last column of the 
table. The mean ratio for the 15 soils examined is 2.90+0.06. The 


1 Loughridge, R.H. Investigations in Soil Physics. Report, California Agricultural Experiment Sta- 
tion, 1892-1894, p. 99. 

Briggs, L. J. The Mechanics of Soil Moisture. Bulletin 10, Division of Soils, U.S. Dept. of Agricul 
ture, 1897. 

2 In this work it was not possible to obtain samples of all the soils used in the preceding experiments. 

3 Hilgard, E. W. Soils, New York, 1906, p. 209. 
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relationship between the wilting coefficient and the moisture-holding 
capacity is then expressed by the formula: 


Moisture-holding capacity —21 al 
2.9--0.06 = wilting coefficient. 


RELATION OF THE WILTING COEFFICIENT TO SOIL TEXTURE AS EXPRESSED BY MECHAN- 
ICAL ANALYSIS. : 


Soil texture has been used for the quantitative description of soils 
more extensively than any other physical property, and unfortu- 
nately it has been one of the most difficult to interpret from the 
standpoint of moisture retentiveness. Texture is quantitatively 
expressed by means of the mechanical analysis, which shows the 
composition of the soil when the particles are separated into groups 
according to size. The accuracy with which the texture of the soil 
can be expressed by this means is dependent on the number of groups 
into which the particles are separated. But the difficulty of effecting 
a complete separation of the finer particles into the desired groups 
places a practical limit upon the number of groups, which is usually 
limited to seven.' 

The use of mechanical analysis as a basis for determining the 
moisture retentiveness of a soil is further complicated by the fact that 
soils having a high clay content will show great differences in the 
amount of colloidal material, which greatly affects the moisture 
retentiveness. Furthermore, the particles constituting a given group 
may lie much nearer one limit of the group than the other, so that a 
given group does not always have the same properties. Consequently 
the particles constituting a given group in the mechanical analysis do 
not always have the same moisture retentiveness per unit mass. It is 
also possible that the specific retentivity of a group when measured 
alone is modified to some extent by admixture with particles from 
other groups. 

Briggs and McLane,’ using the method of least squares, have estab- 


lished a quantitative relationship between the mechanical composition 


and the moisture equivalent, based on data covering 104 types of soil. 
The resulting probable error of the coefficients in the relationship 
established is 1.7 per cent.? In attempting the correlation of the 
mechanical composition with the wilting coefficient the same relative 
values for the sand, silt, and clay coefficients that were obtained by 
Briggs and McLane in their moisture-equivalent correlation have 
been used in our computations. The actual values of the coefficients 

1 Briggs, L. J., Martin, O. F., and Pearce, J. R. The Centrifugal Method of Mechanical Soil Analysis. 
Bulletin 24, Bureau of Soils, U.S. Dept. of Agriculture, 1904, p. 33. 

2 Briggs, L.J.,and McLane, J. W. The Moisture Equivalent of Soils. Bulletin 45, Bureau of Soils, U.S. 
Dept. of Agriculture, 1907, p. 18. 


3 This value should not be confused with the probable error of a single determination, as given by Briggs 
and McLane. 
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were adjusted to give the best calculated values for the wilting co- 
efficient, but the same proportion among the coefficients was main- 
tained. The formula used is as follows: 


0.01 sands+0.12 silt+0.57 clay= wilting coefficient. 


In this formula the ‘‘sands” refer to the percentage of particles 
ranging from 2 to 0.05 millimeter in diameter, the ‘‘silt” to particles 
from 0.05 to 0.005 millimeter in diameter, and the ‘‘clay” to par- 
ticles smaller than 0.005 millimeter in diameter. Table XXII! gives 
the mechanical composition of each of the soil types, the computed 
value of the wilting coefficient as determined by the above formula, 
the observed value of the wilting coefficient, and the residuals or 
differences between the observed and the computed values. 


TaBLE XXII.—Comparison of the observed wilting coefficient with that found by com- 
putation from the mechanical analysis. 


| Coefficient. 
© Fi Resid apace oi 
: : oarse ine : esid- serve 
Soil. Types of soil. eandl sande | ues Clay: Ee Uloxie easine 
Com- |Obsery- fed 
puted. ed. IQS 
Per ct. | Per ct. | Per ct. | Per ct. 

Ml ©OATSCISAN Ge ey ee ene 60. 4 37.1 0.8 1.6 1.8 0.9}; +0.9 0.50 
DMI eISAMU yee nee eee 28. 2 64. 4 4.7 3.9 Ball 2.6 + .5 . 84 
ol Gomes fees tes 35.4 55.1 4.8 4.5 3.6 3.3 + .3 .92 
co) al Hc CLO ste NS IE: AN 29.9 56.7 5.0 8.2 3.8 3.6] + .2 -95 
Sean diy loans eee ey. cee BH AL 50. 0 8.6 U8) 4.9 4.8 + .1 98 
4| Fine sandy loam........... 2.8 59.8 30.2 6.9 10.3 70) liryc Ewa . 94 
FASO TIA ieee ees Ne) roa 3.4 55.5 21.8 19.1 9.5 10.3 — .8 1.08 
AG San Gyjloamecss see -- ee 32. 4 28.8 26.7 11.8 9.9 9.9 .0 1.00 
B | Fine sandy loam........_.. 15.8 42.4 28.7 12.9 10.7 10.8 —.1 1.01 
Cheese CLO HRaC a ieien chess Seles pee 2 19.2 35.6 30.6 14.7 11.4 11.6 — .2 1.02 
£5} 3] bal DOLE WO VN A ee eee oe a 2.0 48.8 37.7 12.3 13.5 13.9 — .4 1.03 
Dee ONG Sey a ee oe On 2 Deals Fen 3.6 3552 41.4 14.4 14.6 15.2 — .6 1.04 
NAR Clan ilo arenas samc ere ere es Denke 27.0 35.2 S280 14.5 16.2 —1.7 11 
1D) fe CO bake tae sue Ose e te wile ae oe 43.7 45.1 djl 16.0 16.5 — .5 1.03 
(3) ee eS (OO ype Seles Peet tal ae eek 4.4 20.5 52.6 22.0 16.6 16.3 + ..3 .98 


The ratio of the observed to the computed value of the wilting 
coefficient is given in the last column of the table in order to provide a 
basis of comparison as regards accuracy with the other physical 
measurements. The mean ratio? is 1, with a probable error of 
+0.025. This large probable error is due mainly to soil No. 1, which 
has a departure no greater than some of the other soils but which on 
account of its very small wilting coefficient gives a ratio which is 
widely divergent from the rest of the series. The formula for com- 
puting the wilting coefficient, when affected with the probable error, 
then becomes: 


0.01 sands+-0.12 silt-+0.57 clay _ 
1+0.025 


wilting coefficient. 


i The writers are indebted to the Bureau of Soils for the mechanical analyses. No mechanical analyses 
were available for samples Nos. 10 and 13. 

2 In determining the values of the sand, silt, and clay coefficients so as to give a mean ratio equal to unity, 
soil No. 1 was disregarded, since a better general agreement was obtained in this way. This is virtually 
what would have happened if the method of least squares had been applied to the experimental data. In 
all calculations of probable error, however, this soil has been included with the rest. 
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GRAPHICAL REPRESENTATION OF THE RELATIONSHIP BETWEEN THE 
WILTING COEFFICIENT AND THE PHYSICAL MEASUREMENTS OF 
MOISTURE RETENTIVITY. 


The experimental results given in the preceding tables are shown 
graphically in figure 9. The wilting-coefficient determinations are 
plotted as abscissas, while the axis of ordinates is taken successively 
to represent the moisture equivalent, the hygroscopic coefficient, the 


A TT 
ees anal |. 


6 10 12 
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Fig. 9.—Chart showing the linear relationship between the wilting coefficient and physical measurements 
of the moisture retentiveness of soils. The wilting coefficient is represented by the axis of abscissas, 
while the axis of ordinates for the different graphs represents the moisture retentivity of the soil as meas- 
ured by the hygroscopic coefficient, the moisture equivalent, and the moisture-holding capacity, and 
as computed from the mechanical analysis. ‘The quantity employed as ordinate in each case is designated 
on the graph. 


moisture-holding capacity, and the computed value of the wilting 
coefficient as determined from the mechanical analysis. The resulting 
graphs are designated by their respective ordinates. The slope of the 
graph in each case corresponds to the ratio used in the equation. 
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COMPARISON OF THE ACCURACY OF INDIRECT PHYSICAL METHODS FOR 
DETERMINING THE WILTING COEFFICIENT. 


Since the numerical value of the ratio used in calculating the 
wilting coefficient by indirect methods varies considerably according 
to the method employed, it is necessary for purposes of comparison 
to express the probable error in each case as a percentage of the ratio 
which it affects. This comparison is given in the following table: | 


TaBLE X XIII.—Comparative accuracy of the ratios in the indirect methods for determining 
the wilting coefficient. 


Probable error of mean 
ratio 


Methods. Ratio. 
Absolute Per cent 
value. of ratio. 
Mois turcieqiiivalentesnstsai iia =f eee see tic oa ees Sk 1.84 +0. 013 +0.7 
Fry PTOSCOPIC COR MMCIOING ete ee sae a Te ae eee GEL SO aR pales Scrat aces - 68 + .012 +1.8 
Moisture-holdinecapacitiy ere: sae eee eae eee eee yaaa ae 2.90 + .06 +2.1 
Mech aniCalanral ysis manga cysts ere ae ae a ees tae SR motes ; 1.00 + .025 +2.5 


The probable error of the mean ratio shows the degree of uncer- 
tainty that is attached to the value given for the ratio. That is to 
say, if the moisture-equivalent series were repeated, the chances are 
even that the mean ratio would fall between 1.827 and 1.853. In 
other words, in a soil having an observed moisture equivalent of 18.4 
per cent the chances are even that in so far as the accuracy of the 
ratio is concerned the wilting coeflicient lies between 9.93 and 10.07. 
This corresponds to an uncertainty of +0.7 per cent in the value of 
the wilting coefficient calculated by means of the ratio 1.84, as shown 
in the last column of the table, in which the probable error of the 
mean ratio is given, expressed as a percentage of the ratio itself. 
This affords at once a means of comparing the accuracy of the 
different methods. It will be seen that the probable error in calcu- 
lating the wilting coefficient by the moisture-equivalent method is 
about 0.7 per cent; by the hygroscopic-coefflicient method 1.8 per 
cent, or over twice as great; by the moisture-holding capacity 
method over 2.1 per cent, or three times as great; and by the mechan- 
ical-analysis method 2.5 per cent, or nearly four times as great. 

It should be clearly recognized that the formulas which have been 
deduced will not necessarily give the correct calculated value of the 
wilting coefficient within the limits of the probable error of the ratio. 
The uncertainty regarding the value of the observed quantity (mois- 
ture equivalent, hygroscopic coefficient, etc.) enters into the calcu- 
lation of the wilting coefficient for any particular soil, in addition to 
the uncertainty of the ratio. According to the formulas a linear 
relation existed in each case and the observed departures are attrib- 
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uted to accidental experimental errors. If this is true, then the 
probable error of the calculated wilting coefficient for a given soil can 
be made to approach the probable error of the ratio as a limit simply 
by increasing the accuracy and number of the determinations of the 
observed quantity. 

The probable error of a single determination of the wilting coeffi- 
cient in our experiments is given below for each method, expressed 
as a percentage of the wilting coefficient: 


Per cent. 
Moisture-equivalent method. 22-200 5: each eee eee + 2.9 
fiyeroscopic-coetiicient method 2522 325 -. hap ee eee ne ee 
Moisture-holding capatity method _- 222.22) 25 2a eee + 8.3 
Mechanical-analysis method © S25 oe re ee +10. 0 


These errors are not to be applied to any other determinations, 
since they represent simply the accuracy attained in our particular 
experiments. If the number of physical measurements made upon 
each soil had been increased, the error would have been reduced. 


FORMULAS SHOWING RELATIONSHIPS BETWEEN PHYSIOLOGICAL AND 
PHYSICAL MEASUREMENTS OF MOISTURE RETENTIVITY. 


For convenience in reference the formulas for determining the 
wilting coefficient in a given soil by indirect methods are here pre- 
sented in collected form, together with the probable error. 


moisture equivalent 
1.84 (120.007) 
hygroscopic coefficient 
0.68 (1+0.018) 
moisture-holding capacity —21 
2.90 (140.021) 
0.01 sands+0.12 silt+0.57 clay 
1+0.025 


Wilting coefficient= 


Wilting coefficient= 


Wilting coefficient= 


Wilting coefficient= 


SUBSIDIARY FORMULAS. 


The subsidiary formulas which follow as the result of the interrela- 
tionships established are also here included. The probable error has 
been omitted, since its determination from the formulas would 
always include the experimental errors of the wilting coefficient 
determination, due to the fact that the physical measurements are 
not directly compared. 


DETERMINATION OF THE MOISTURE EQUIVALENT.! 


Moisture equivalent—wilting coefficient X1.84. 

Moisture equivalent=hyegroscopic coefficient X2.71. 

Moisture equivalent=(moisture-holding capacity —21) X0.635. 
Moisture equivalent=0.02 sand+0.22 silt+1.05 clay. 


1 These equations refer to moisture-equivalent determinations made with a centrifugal force equal to 
1,000 g. (gravity) and should not be confused with the equation given by Briggs and McLane in whicha 
force of 3,000 g. was employed. 
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DETERMINATION OF THE HYGROSCOPIC COEFFICIENT. 


Hygroscopic coefficient=wilting coefficient X0.68. 

Hyeroscopic coefficient=moisture equivalent X 0.37. 

Hyegroscopic coefliicient=(moisture-holding capacity —21) 0.234. 
Hygroscopic coefficient=0.007 sand-+0.082 silt+-0.39 clay. 


DETERMINATION OF THE MOISTURE-HOLDING CAPACITY. 


Moisture-holding capacity=(wilting coefficient X2.9)+21. 
Moisture-holding capacity=(moisture equivalent x 1.57)-+-21. 
Moisture-holding capacity =(hygroscopic coefficient X4.26)+21. 
Moisture-holding capacity =(0.03 sand+-0.35 silt+-1.65 clay)+21. 

These formulas establish for the first time a relationship between 
the various physical and physiological measurements of moisture 
retentivity, and while the coefficients may be modified as the result 
of further investigation, it is believed that the equations will prove 
of practical value in the study of the relationship of the plant to soil 


‘moisture, both in the field and in the laboratory. 


DETERMINATION OF THE MAXIMUM AVAILABLE MOISTURE. 


The maximum available moisture in any soil is represented by the 
difference between the moisture-holding capacity and the wilting 
coefficient. It is therefore possible to express the maximum amount 
of available moisture that a soil is capable of holding in terms of the 
relationships given above. It shouid be recalled that the determina- 
tions of moisture-holding capacity, upon which the relationships are 
based, were made with a soil column 1 centimeter in height. The 
amount is therefore far in excess of that found in drained soils under 
field conditions. The relationships are expressed in the following 
formulas: 

Maximum available moisture=(wilting coefficient x1.9)+21. 
Maximum available moisture=moisture equivalent-+ 21. 

Maximum available moisture=(hygroscopic coefficient x 2.8)+-21. 
Maximum available moisture=(0.02 sand+0.23 silt-+-1.08 clay)+21. 
Maximum available moisture=(moisture-holding capacity X0.65)+7. 

The formulas show that the difference in the maximum amount of 
available moisture that two soils are capable of holding is equal to 
the difference of their moisture equivalents; to 1.9 times the difference 
of their wilting coefficients; and to 2.8 times the difference of their 
hygroscopic coeflicients. 

SUMMARY. 


The object of this investigation was to determine the extent of the 
variation exhibited by different plants with respect to the mmimum 
point to which they can reduce the moisture content of the soil before 
permanent wilting occurs. It has heretofore been believed that 
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plants differ widely in this respect and that drought resistance is in 
part due to the additional supply of water which is available to some 
plants through the greater force which they exert upon the soil mois- 
ture. The results of this investigation have led us to conclude that 
the differences exhibited by plants in this respect are much less than 
have heretofore been supposed and are so small as to be of little prac- 
tical utility from the standpoint of drought resistance. As compared 
with the great range in the wilting coefficient due to soil texture, the 
small differences arising from the use of different species of plants in 
determining the wilting coefficient become almost insignificant. 

The moisture content of the soil corresponding to the wilting of the 
plant growing in a confined soil mass is usually spoken of as non- 
available moisture. It has been found that plants are capable of 
reducing the moisture content of the soil far below that correspond- 
ing to the wilting point, and that a steady loss of moisture goes on 
through the plant tissues even after the death of the plant. There- 
fore the moisture content at the wilting point can not all be considered 
as nonavailable, and the term wilting coefficient has been adopted 
to indicate the moisture content of the soil at the time of the perma- 
nent wilting of the plant. 

The wilting coefficient is then defined as the moisture content of 
the soil (expressed as a percentage of the dry weight) at the time 
when the leaves of the plant growing in that soil first undergo a per- 
manent reduction in the moisture content as a result of a deficiency 
in the soil-moisture supply. By a permanent reduction in the 
moisture content of the leaves is meant a condition from which 
they can not recover their turgor in an approximately saturated 
atmosphere without the addition of water to the soil. In the case 
of most plants wilting accompanies the reduction of the water content 
of the leaves and is the criterion used to determine the wilting 
coefficient of a soil for that plant. The definition as stated is appli- 
cable also to those plants which, owing to structural peculiarities, do 
not give visible evidence of a reduction of the moisture content of 
the leaves. The wilting coefficient for such plants is determined by 
means of the balancing method. 

In making wilting-coefficient determinations the following pre- 
cautions are necessary: 

(1) The soil used should be as uniform as possible. 

(2) The soil should be brought to a uniform water content before 
being used. 

(3) All loss of water should be prevented except that due to the 
transpiration of the plant. 

(4) All sudden fluctuations in temperature should be avoided. 
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(5) The moisture determination should be made as soon as the 
plant has first reached a wilted condition from which it can not re- 
cover when placed in a damp chamber. 

The method employed consists in growing the plants in a small 
glass pot, evaporation from the soil surface being prevented by means 
of a seal of wax which is melted and flowed over the soil surface. In 
the case of monocotyledons this wax seal can be applied immediately 
after planting the seeds and the seedlings will grow readily through 
the wax, which forms a perfect seal around thestems. In the case of 
dicotyledons the wax, which is usually a mixture of paraffin and petro- 
latum having a low melting point and low heat conductivity, can be 
melted and flowed around the stems of the seedlings without injury. 
During growth the pots are -kept immersed in a water bath to avoid 
condensation of the soil moisture on the pot walls. 

When these precautions are observed, the probable error of the 
mean of the determinations from 12 pots does not usually exceed 1 
part in 100, which is comparable with the accuracy with which the 
moisture retentiveness of the soil used can be determined by purely 
physical methods. 

The wax-seal method is also particularly adapted to the study of 
transpiration, since all loss of water is avoided except that taking 
place through the plant. 

Wilting-coefficient determinations have been made in a series of 20 
soils ranging from sands to clays. In this work, involving about 
1,300 determinations, a large number of varieties of the different crop 
plants have been tested, as well as many native plants from the Great 
Plains. 

The results obtained show that species differ only slightly as 
regards the soil-moisture content at which permanent wilting first 
takes place. Taking 100 to represent the average wilting coefficient, 
the different species tested (except Colocasia and Isoetes) give an 
extreme range from 92 for Japan rice to 106 for a variety of corn. 
Most of the species and varieties tested differ much less than this. 
On the same scale the great crop plants gave the following values, 
obtained by combining the different varieties: Corn 103, wheat 99, 
oats 99, sorghum 98, millet 97, barley 97, rye (one variety only) 94, 
rice 94, grasses 97, and legumes 101. 

The conclusion is thus reached that the differences exhibited by 
crop plants in their ability to reduce the moisture content of the 
soil before wilting occurs are so slight as to be without practical sig- 
nificance in the selection of crops for semiarid regions. Furthermore, 
it is believed that the slight differences which have been observed 
are largely due not to the ability of one variety to exert a greater 
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tractive force upon the soil moisture than another, but to the more 
perfect root distribution of one variety as compared with another. 
Drought resistance in certain plants can not, then, be attributed to 
their ability to exert a greater force upon the soil moisture and so 
gain an additional water supply. 

A series of comparisons has also been made of the relative time of 
wilting of different plants grown together in the same pot. In prac- 
tically every case wilting occurred simultaneously, which is in har- 
mony with the above conclusions. 

A balancing method has been developed for determining the 
wilting coefficient for plants in which wilting is difficult to observe 
owing to structural peculiarities. The plant is potted in a glazed 
pot and the soil surface sealed with wax, as before. The potted plant 
is then mounted horizontally in a frame balanced on knife-edges. 
The water transpired by the plant is at first replaced from the supply 
jn the soil. During this time the soil end of the system tends to move 
upward, owing to the loss of water, and is kept balanced by adjusting 
a counterpoise. A short period then occurs during which the water 
lost through transpiration is supplied both from the soil and from 
the storage tissues of the plant. During this time the system appears 
sluggish. Finally the amount supplied from the soil is insufficient 
to offset the increasing amount lost from the storage tissues of the 
plant and the direction of motion of the system is reversed, the 
plant moving upward. The soil-moisture content at this time cor- 
responds to the wilting coefficient of that soil for the particular plant 
used, since the loss of water from the plant tissues would be accom- 
panied by wilting except for structural peculiarities. 

It has been shown by this method that the olive and the cactus 
undergo a reduction in the moisture content of their aerial parts at 
the time other plants wilt, although no outward evidence of such 
loss is apparent. 

That portion of the soil-moisture content which is available for 
plant growth is represented by the difference between the actual 
water content and the wilting coefficient. The latter determination 
is consequently essential in any critical study of the relation of 
plant growth to soil moisture. The desirability of a rapid determi- 
nation of the wilting coefficient in connection with field work led to 
an investigation to determine whether the wilting coefficient could 
be computed from physical measurements of the moisture reten- 
tivity of the soil. A comparison of the wilting coefficient has been 
made with the moisture equivalent, hygroscopic coefficient, moisture- 
holding capacity, and the mechanical analyses of a series of soils 
ranging from sand to clay. From this comparison a series of linear 
relationships has been established, as expressed in the following 
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equations, which thus provide a means of computing the wilting 
coefficient when direct determinations are not feasible. 


Pe : moisture equivalent 
Wilting SUGGS aero 


hygroscopic coefficient 


Wilting coefficient= 0.68 (10.018) 
er : moisture-holding capacity —21 
Wilting coefficient= 2.90 (10.021) . 
aoe : 0.01 sand—0.12 silt—0.57 clay 
Wilting coefficient= (10.025) . 


The second term of the quantity within the parentheses shows the 
probable error of the relationship in each case and constitutes a 
measure of the relative accuracy of the different methods. 

The moisture-equivalent method, in which the measurements are 
made with the aid of the centrifugal machine exerting a force 1,000 
times that of gravity, is the most accurate and satisfactory of the 
indirect methods. 
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Cheesecloth, experimental use in determining wilting coefficient.............-- 23-24 
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See also Cucumber, Muskmelon, and Squash. 
Culture, simultaneous, comparison of different plants, as to wilting.. 39-47, 51-53, 76 


Damp chamber. See Chamber, damp. 
Dark room. See Room, dark. 


Dasheen, determinations of wilting coefficient.........--..--..2-..-+2+.-.--- 56 
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Datura stramonium, comparison with wheat by simultaneous culture. ........ 46 


Death point. See Point, death. 
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Field determinations. See Moisture, soil, interpretation. 
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230 


INDEX. 81 
Page. 
Formulas, measurement of moisture retentivity, relationships.. 58, 65, 68, 69, 72-73, 77 
Pree, Bae onwaltinoe porto plamtse 2.4 53.) San oe ls ee es ON ee 23 
Gain, E., on relative wilting points for different plants ............-----...--- 7 
Gallagher, F. E., and Cameron, F. K., on Heinrich’s hygroscopic moisture 
PE LCEINIMA TIONS eee aries ial ae NR eel mS Boa as oat pte MY sera 66 
Glass pots. See Pots. 
Grasses, determinations of wilting coefficient. .........-.-.--- 21, 22, 35-38, 43, 44, 75 
Greenhouse, use in determining wilting coefficient. ...........--.-- 14, 22-23, 54-55 
Grindelia squarrosa, determinations of wilting coefficient...........-....-.-.--- 37, 45 
Hedgecock, G. G., on relative wilting points for different plants............... 7 
Heinrich) Re. on wiltine-point determinations. 252-84 cio) pe od hho GOD 
Hepatica triloba, comparison with wheat by simultaneous culture..........-- 46 
Heteranthera reniformis, comparison with wheat by simultaneous culture... -- 46 
iEnleard Hie We-.on mMmorsture content of soils! sees eee: oe oe ee na 64. 6r 
Humidity, influence on wilting coefficient:...22 2222222 ..2..222 2 2.-2 15, 22-23, 55 
Hydrophytes, determinations of wilting coefficient................-..---- 22, 35, 37 
Hyeroscopic coefficient. See Coefficient, hygroscopic. 
introduction: to: Wtlbe tami shay MA Ne he Been eM he SET NY SORE 7-8 
Isoetes sp., determinations of wilting coefficient..................-..---.-. 35,37, 45, 75 


Japan rice. See Rice. 
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Varieties of plants tested. See names of different plants; as, Corn, Oats, Wheat, 
etc. 

Vernonia marginata, determinations of wilting coefficient..............-..... 37, 46 
Vetch, determinations of wilting coeflicient....__:.-./.-.-.-:--.-+.-.-- 26-32, 37, 44 
Vicia spp. See Vetch. 
Water. See Moisture. 
Water cress. See Cress, water. 
Wax, use in determining wilting coefficient...................... 8, 10-24, 49, 75, 76 
Wheat, comparison with other plants by simultaneous culture............. 35, 39-47 

determinations o£ walting coefficient... . 22.2. 2522.52 22552-22222 . 15-20, 


22-24, 26-33, 35-46, 52, 53, 57, 59-63, 75 
Wilting coefficient. See Coefficient, wilting. 
GemMisOM GUStAceR nn AE eo ees ate es 7-9, 16-19, 23, 55 
point. See Point, wilting. 


Xerophytes, determinations of wilting coefficient....................----- 22, 35, 37 
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